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ABSTRACT: Development of technologies for protection against chemical warfare
agents (CWAs) is critically important. Recently, polyoxometalates have attracted
attention as potential catalysts for nerve-agent decomposition. Improvement of their
effectiveness in real operating conditions requires an atomic-level understanding of
CWA decomposition at the gas−solid interface. We investigated decomposition of
the nerve agent Sarin and its simulant, dimethyl chlorophosphate (DMCP), by
zirconium polytungstate. Using a multimodal approach, we showed that upon DMCP
and Sarin exposure the dimeric tungstate undergoes monomerization, making
coordinatively unsaturated Zr(IV) centers available, which activate nucleophilic
hydrolysis. Further, DMCP is shown to be a good model system of reduced toxicity
for studies of CWA deactivation at the gas−solid interface.

Chemical warfare agents (CWAs), in particular, organo-
phosphorus (OP) nerve agents such as VX, Sarin (GB),

and Soman, continue to present a threat to both military and
civilian populations,1−3 even though decontamination strat-
egies have been investigated for many decades.2,4,5 Previous
approaches have included oxidation, detoxification, and
degradation of OPs via biochemical approaches.6 Recently, a
new generation of sorptive or catalytically active materials,
including metal oxide/hydroxide-based formulations,7,8 metal−
organic frameworks (MOFs),9−13 and polyoxometalates
(POMs),5,14−19 has been reported. POMs contain inorganic
metal−oxygen clusters with highly tunable properties20 and are
currently being actively considered as reactive sorbents for the
decontamination of CWAs. Their stability, combined with
their extensively alterable molecular properties, make them
widely attractive in materials science,21 medicine,22 and
catalysis.23,24 In addition to niobium-based POMs,14−16,25

which exhibit limited catalytic OP decontamination, the
zirconium-substituted POM, (Et2NH2)8[{α-PW11O39Zr(μ-
OH)(H2O)}2]·7H2O (Zr-POM), was recently shown to
catalyze decomposition of the nerve-agent simulant, methyl
paraoxon, in a homogeneous buffered solution.26 This Zr-
POM, however, has yet to be studied as a heterogeneous

catalyst at the gas−solid interface. Therefore, a fundamental
study on the interactions of solid-state Zr-POMs with gaseous
OPs is needed to provide insight into application of this
material for nerve-agent decontamination, specifically when
OPs are delivered in the vapor phase.
In this work, we utilized a multimodal approach for

investigating a reaction of gaseous dimethyl chlorophosphate,
DMCP (a GB simulant) with Zr-POM. The purpose was to
detect the changes in both the Zr-POM and agent/simulant
upon exposure and to evaluate the quality of DMCP as a less
toxic compound for simulating the heterogeneous chemistry of
GB.
To probe the GB and DMCP (Figure S1) adsorption and

reaction on the solid Zr-POM, we performed XPS measure-
ments. The spectra show signatures of POM-bound decom-
position products of GB and DMCP and reveal changes to the
electronic structure of Zr centers. The Zr 3d XPS peak
positions of the pristine Zr-POM prior to DMCP exposure
agree with those in ZrO2. The binding energies of Zr 3d3/2 and
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Zr 3d5/2 electrons are 185.0 and 182.7 eV, respectively (Figure
1a), consistent with previous reports.27 The Zr 3d peaks

increasingly shift to higher binding energy with DMCP
exposure time, indicating strong interaction between Zr and
electron-withdrawing ligands, consistent with the formation of
bound phosphate species (vide infra).27 A similar shift is
observed in the Zr 3d XPS signal obtained after exposure of Zr-
POM to GB (Figure 1a). The O(1s) spectrum of pristine Zr-
POM (Figure 1b) shows a two-peak feature, assigned to
surface-bound −OH and O−W(Zr) bonds. The O−W(Zr)
peak remains unchanged upon DMCP exposure, but the −OH
feature exhibits some variation as exposure proceeds,
suggesting its involvement in the adsorption/reaction. A new
feature at 533 eV appears and grows after DMCP exposure,
indicating the bound phosphate species. The surface-bound
product species are also seen in the peaks assigned to PO in
the P(2s) and P(2p) regions in the spectra of DMCP-treated
samples (Figure 1a,c). The increase in the intensity of
phosphate species with exposure identifies DMCP adsorption
to the surface and, together with the observed decrease of C−
H species and increase of C−O species (Figure 1d), confirms
reaction and decomposition of DMCP on the Zr-POM. Similar
effects were observed when Zr-POM was exposed to GB,
namely, the appearance of the P(2s) and P(2p) peaks (Figure
1a,c) and the POx peak in the O(1s) region (Figure 1b). Zr-
POM is therefore active for decomposition of both DMCP and
GB. The absence of Cl(1s) and presence of F(1s) signals
(Figure S2a,b) can be attributed to the different binding
strengths of the DMCP and GB decomposition products,
respectively.
To augment the XPS results and gather additional

information about the DMCP and GB decomposition, we
performed diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) experiments. In the in situ difference
DRIFT spectra during DMCP exposure of Zr-POM (Figure
S3), the peak at ∼1230 cm−1 is due to hydrogen bonding of
PO, which is associated with physisorbed DMCP.28 Using
calculated spectra of DMCP (Figure S4), the overlapping

bands between 1200 and 1100 cm−1 can be assigned to
symmetric and asymmetric O−P−O stretches, mixed in with
modes belonging to chemically reacted species of DMCP.27

The peak at ∼1025 cm−1 is a merged contribution from the
symmetric and asymmetric C−O−P stretches. These bands
provide evidence of decomposition of DMCP when absorbed
on Zr-POM, consistent with our XPS measurements. The
overlapping bands were also observed in the spectra of GB on
Zr-POM (Figure S5), indicating similar products for
decomposition of GB.
As a result of the Zr-POM and DMCP (and GB) interaction,

significant changes occur not only to adsorbed molecules but
also to the Zr-POM (Figure 2a). In the O−H stretching region

for the pristine Zr-POM, a narrow band with a peak at 3670
cm−1 and a broader band between 3620 and 3520 cm−1 are
present in the DRIFTS spectrum. On the basis of the Zr-POM
dimer structure (Figure S6), the 3670 cm−1 band is assigned to
the dimer bridging O−H species, consistent with the
vibrational frequency of bridging O−H species in Zr(OH)4
and in ZrO2 (Figure S7). To support this assignment, we
collected DRIFTS spectra of aqua-free Zr-POM (it has a
similar structure as the Zr-POM dimer and also includes
bridging O−H species but without water coordinated to Zr
atoms29) during thermal treatment (Figure S8). The 3657
cm−1 peak of the aqua-free Zr-POM persists, suggesting that
the 3670 cm−1 absorption in the Zr-POM dimer originates in
the bridging O−H species. The feature between 3620 and
3520 cm−1 is assigned to molecular water with hydrogen-
bonding interactions in the dimer, as supported by the
decrease in the band intensity during thermal treatment
(Figure S9). After 2 days of exposure to DMCP (Figure 2b),

Figure 1. XPS spectra of Zr-POM exposed to GB and DMCP with
fitted Gaussian components: (a) P(2s) and Zr(3d), (b) O(1s), (c)
P(2p), and (d) C(1s). “D” in the inset text means “days” for DMCP
or GB exposure times on Zr-POM. MMP is methyl methylphosphate
(a decomposition product of DMCP).

Figure 2. (a) Dissociation of Zr-POM dimers (D) to monomers (M)
after the exposure of Zr-POM to DMCP; (b) DRIFTS spectra of the
bridging O−H region demonstrate a decrease in the number of O−H
species in the Zr-POM dimer; (c) X-ray powder diffraction (PXRD)
pattern suggesting increased disorder of the Zr-POM upon CWA
exposure; (d) Zr K-edge EXAFS spectra in Zr-POM shift to lower
Zr−O distances; (e) the evolutions of experimental (before and after
DMCP exposure) and calculated (dimers vs monomers) Zr K-edge
XANES spectra are similar.
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there is a significant loss of intensity in the sharp O−H feature
and growth of the broad O−H feature at lower frequency,
which together result from hydrogen bonding between DMCP
and the bridging O−H species.30,31 As the exposure continues,
the intensity of the sharp O−H absorption virtually disappears,
while the intensity of the broad O−H feature nearly returns to
its value prior to exposure. These results suggest that the
DMCP interaction results in complete loss of the bridging O−
H species.
The same trend in the intensity of the bridging O−H feature

is observed when Zr-POM is exposed to GB (Figure S5).
However, the reaction with GB also leads to a significant loss
of the aqua ligands, which does not occur in the reaction with
DMCP, indicating that the GB reaction consumes water
through hydrolysis.
Synchrotron XRD (Figure 2c) and Zr K-edge XAFS (Figure

2d,e) were employed to probe the structural changes of the Zr-
POM after exposure to DMCP. EXAFS (Figure S10) revealed
the same Zr−O bond length (2.16 Å) in pristine Zr-POM as
that in the theoretical dimer structure (Table S1), indicating
that dimers dominate the as-synthesized sample. This
conclusion was corroborated by PXRD measurements (Figure
S11), which also show that the Zr-POM lattice became
disordered with exposure to DMCP (Table S2). A decrease of
the Zr−O bond length from 2.16 to 2.14 Å was observed by
EXAFS analysis (Figure 2d) in Zr-POM exposed to DMCP
after 4 days, which was accompanied by strong changes in the
XANES spectra (Figure 2e). The best agreement with the
observations was obtained when the theoretical XANES
spectra of the dimer and monomer were compared.
Dissociation from dimers to monomers explains also the
EXAFS data because the average Zr−O distance in the
calculated monomer structure (2.09 Å) is shorter than that in
the dimer (2.16 Å) (Figure S12). Therefore, EXAFS results
obtained after DMCP exposure correspond to a mixture of
dimers and monomers, effectively lowering the average Zr−O
distance compared to that in pure dimer.
Correlating Raman spectroscopic results with those

discussed above was critical for deciphering the overall
mechanism. Specifically, the appearance of a band at around
2862 cm−1 following exposure, attributed to the symmetric
stretch of CH3, is due to adsorbed DMCP (Figure S13d).
Furthermore, broadening and blue shifting of the Zr-POM
band at around 997 cm−1, attributed to the W−Oterminal stretch,
is observed after DMCP exposure32 (Figure S13c). The
shoulder at 985 cm−1 disappears with gas exposure. Some
bands in the 300−500 cm−1 range, where bridging Zr−O−Zr
normal modes contribute, broaden or disappear after DMCP
exposure (Figure S13b). These changes are weak or absent
after water exposure (Figure S14), implying that DMCP affects
the Zr-POM structure to a larger extent than just water. These
spectral changes differ from those following exposure to HCl
(Figure S15), suggesting that DMCP (as opposed to its
decomposition product, HCl) causes changes to the frame-
work.
We turned to computation to elucidate the impact of DMCP

and GB gases on the observed monomerization of the dimer
(D) upon exposure (Figure S6b) and to reveal the role of the
monomers (M) in the decomposition of DMCP and GB. We
calculated the energetics of monomerization of D, i.e., D →
2M rearrangement (Figure S6a), in the absence of warfare
gases and found that this process entails ΔH/ΔG = 38.5/8.8
kJ/mol (Figure S16). The coordination of DMCP and GB

molecules to dimer D results in the formation of the D-CWA
adduct (where CWA = DMCP or GB), and the calculated D-
CWA interaction energy is 61.5/8.0 and 58.2/14.1 kJ/mol for
DMCP and GB, respectively. In the results of this D-CWA
perturbative interaction, the enthalpy required for monomer-
ization of the dimer decreases (from 38.5 kJ/mol) to 12.6 and
14.2 kJ/mol, while at the Gibbs free energy level, the dimer
species becomes by 43.5 and 41.4 kJ/mol less stable than for
the two separate monomers (Figure S16).
Because DMCP interacts with the dimer slightly stronger

than GB, one would expect the monomerization of D to be
easier while interacting with DMCP than GB, as confirmed by
Figure S16. Indeed, while the D-CWA interaction enthalpy is
3.3 kJ/mol larger for DMCP than that for GB, the
monomerization enthalpy is only 1.7 kJ/mol smaller for GB
than that for DMCP. Analyses of the geometries of the related
complexes show that this could be the result of asymmetric
coordination of GB to D compared with DMCP. As shown in
Figure S17, in their respective D-CWA adducts, DMCP
interacts with both POM fragments of D, but GB interacts
with only one of them. This asymmetric coordination/
interaction of GB with dimer D induces a stronger disturbance
to one of the POM fragments and facilitates its easier
dissociation.
Electronic structure calculations (Figure 3) revealed that the

destruction of DMCP upon reaction with the Zr-POM

monomers occurs via a general base hydrolysis mechanism.18,33

Monomerization results in an undercoordinated Zr(IV) Lewis
acid site available to bind DMCP, producing the hydrolysis
reaction complex (R). Reaction is initiated by the nucleophilic
addition of a Zr hydroxo ligand to the bound DMCP. This
addition process occurs through a moderate barrier of 44 kJ/
mol (TSadd) and leads to a shallow pentacoordinated
phosphorus intermediate (P5). Reaction continues through
Cl elimination with a proton of the aqua ligand of Zr (TSeli) to
form HCl and the dimethyl ester of phosphoric acid (DMPA).
The elimination process is notably exergonic and leads to
bound HCl and DMPA. Desorption of HCl is facile, leaving
DMPA bound on the Zr center of the Zr-POM. A noteworthy
aspect of this phosphate product is that it is bound by only one

Figure 3. Hydrolysis reaction mechanism for DMCP on the Zr-POM
monomers, showing DMCP binding, OH/HCl addition/elimination,
product desorption, and catalyst regeneration. Numbers correspond
to 298 K Gibbs energies (kJ/mol) calculated at the M06-L/[6-
31G**+Lanl2dz] level.
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coordinate covalent bond to the Zr center. Recent work with
Zr-MOFs has suggested the possibility of strong bidentate
binding of the OP hydrolysis products on the MOFs, which
cannot be thermally removed without decomposing the MOF
itself.34,35 The bidentate binding in MOFs is elicited by the
presence of adjacent Zr sites, which are not present in the
single-site Zr-POM monomer of this work. Consequently, the
desorption energy of the phosphate product from Zr-POM
requires less than half of the energy as that from the Zr-MOFs,
which elevates the promise of catalyst regeneration in the
single-site molecular solid. The catalytic cycle is completed by
DMPA product desorption and binding of ambient water.
In summary, our multimodal approach allowed us to

investigate active sites and their roles in the process of OP
compound decomposition by an effective nerve-agent hydrol-
ysis solid at the gas−solid interface, i.e., in realistic battlefield
conditions. We have shown that upon DMCP and Sarin
exposure the Zr-POM dimer transforms to the Zr-POM
monomer with a coordinatively unsaturated Zr(IV) center.
The latter is a key species in a catalytic cycle that binds nerve
agents and decomposes them via a nucleophilic (general base)
hydrolysis mechanism. The isolation of one Zr atom in the Zr-
POM of this work ameliorates product inhibition because the
hydrolysis product does not bind to the catalyst very
strongly. We found a strong similarity in the surface chemistry
of DMCP and GB by direct comparison of several
spectroscopic probes. As such, DMCP is proposed as a
model system in the development of catalysts for CWA
deactivation under relevant battlefield conditions.
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