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© Ambient pressure in situ synchrotron-based spectroscopic techniques have been correlated to

. illuminate atomic-level details of bond breaking and formation during the hydrolysis of a chemical

. warfare nerve agent simulant over a polyoxometalate catalyst. Specifically, a Csg[NbgO,]

. polyoxoniobate catalyst has been shown to react readily with dimethyl methylphosphonate (DMMP).

. The atomic-level transformations of all reactant moieties, the [NbgO,,]®~ polyanion, its Cs* counterions,

. and the DMMP substrate, were tracked under ambient conditions by a combination of X-ray absorption

. fine structure spectroscopy, Raman spectroscopy, and X-ray diffraction. Results reveal that the reaction
mechanism follows general base (in contrast to specific base) hydrolysis. Together with computational
results, the work demonstrates that the ultimate fate of DMMP hydrolysis at the Csg[NbsO,,] catalyst
is strong binding of the (methyl) methylphosphonic acid ((M)MPA) product to the polyanions, which
ultimately inhibits catalytic turnover.

. Organophosphorus (OP) compounds are typically found in battlefield or agricultural settings and present a
© health hazard to most living organisms. Highly toxic OP nerve agents such as Sarin, Soman and VX constitute a
. global risk of growing concern'~>, as recently noted in the news. Materials and methods aimed at the sequestra-
* tion and decomposition of OP compounds have been developed in the past, including oxidation with bleach and
. related reagents, detoxification by (catalytic) hydrolysis, and degradation involving biochemical approaches®-°.
. However, many of these materials and processes are effective only in the aqueous phase, and thus not practical
: when OP compounds are deployed as aerosols or gases. Significant efforts have sought to develop effective filtra-
tion materials, coatings/fabrics or skin protectants that maintain high efficacy for deactivation of gaseous toxic
compounds®’. Motivated by their noteworthy reactivity, many metal oxide/hydroxide-based formulations®!!,
metal organic frameworks (MOFs)'?>7'%, polyoxometalates (POMs)'?-?!, and relevant composites?, have attracted
: significant recent attention as potential catalysts of nerve-agent decomposition. However, scientists are only
. beginning to understand the atomic-level details of how chemical warfare agents (CWAs) are transformed on
. these new catalysts.
Polyoxoniobates (PONbs) have a variable composition, structural polymorphism, and catalytic properties
© As such, they are attractive candidates for OP decontamination, as noted in two recent studies that have used
. polymeric niobates?>2!. The experimental work with Csg[NbsO,]?" has also been recently augmented by a theo-
: retical study of the reaction mechanism at the gas-surface interface involving Sarin?. While previous experiments
© appear to support the prediction that the mechanism follows general base hydrolysis, many atomistic details of
© thereaction, including the nature of the active sites, their dynamic changes during reaction, and the characteriza-
. tion of intermediates or products, have yet to be experimentally investigated.
This report focuses on characterization of the reaction mechanism between an OP nerve-agent simulant,
DMMP?*% (Figure S1), and an exemplary reactive basic POM, Csg[NbO,], by correlating multiple in situ exper-
imental studies with density functional theory (DFT) calculations. By employing a combination of Raman and
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Figure 1. The minimum-energy reaction pathway for the hydrolysis of DMMP by Css[Nb4O,,]. For clarity, only
the region of the POND unit (outlined by a rectangle) interacting with the adsorbate is shown in the pathway.
Energies are in kJ/mol. Color code: red (O), orange (Cs), blue (Nb), grey (H), green (P) and cyan (C).

synchrotron-based X-ray absorption fine structure (XAFS) spectroscopies with X-ray diffraction (XRD), we have
been able, for the first time in a POM reaction, to capture structural, electronic, and dynamic changes within
the polyanion catalyst unit itself during a reaction: in this case a multi-center hydrolysis. We emphasize that the
three types of complementary in situ measurements have been performed under nearly identical operational
conditions, which enables direct correlation of results across all experiments. Significantly, the studies have been
conducted under conditions useful to operational decontamination, and thus the results provide detailed insight
into PONb-based hydrolytic decomposition of OP compounds under practical conditions.

Towards the goal of in situ and computational studies at the OP-POM interface, we studied the reaction of
vaporized DMMP with solid Css[NbsO,,]-xH,O (naturally hydrated Csg[NbsO,,], CsPOND). In contrast to other
[NbsO,,] alkali salts, the Cs-based analogue exhibits a higher nerve- agent- simulant decontamination rate for
reaction on the POM surface than for the analogous reaction in solution?!, which makes it a promising material
for decomposition of OP compounds at the solid-gas interface and greatly broadens the applicability of these
materials.

Results and Discussion

Density Functional Theory. DFT calculations of the potential energy surface reveal that the over-
all reaction, DMMP + H,0 — CH;OH + MMPA, (MMPA: methyl methylphosphonic acid) follows a general
base hydrolysis mechanism (Fig. 1) where the polyniobate acts as a single site catalyst (optimum geometries
of Lindqvist-structure Csg[NbsO o] and DMMP are shown in Figure S2). The rate-limiting step of the reaction
involves: i) dissociation of a water molecule on the CsSPONb, which leads to protonation of the polyniobate oxy-
gens and the generation of hydroxide, and ii) nucleophilic addition of the nascent hydroxide to the phosphorus
atom of DMMP to generate a pentacoordinated phosphorus intermediate (P5). Both the water dissociation and
nucleophilic addition occur concertedly, in a single step. The P5 intermediate undergoes facile dissociation to
generate CH;OH and MMPA products that remain bound to the CsPOND. This complex between products and
the CsPOND is the most stable stationary point in the reaction pathway, in part due to the strong electrostatic
interactions between the electron-rich atoms of the adsorbates and the Cs counterions of the polyniobate. The
regeneration of the CsPOND requires desorption of both CH;OH and MMPA. Notably, the large desorption
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Figure 2. Raman spectra of the reaction system, before reaction (pristine), over the course of stream-feeding
of the DMMP/He gas mixture, and in the helium stream following DMMP treatment. (a) Spectral region: 950
1550 cm ™! and 2650-3150cm™". (b) Spectral region: 100-1000 cm™'; Bottom panel illustrates theory-predicted
Raman signatures for the Csg[NbgO,q] (CsPONbD) and Csg[NbsO,,] bound to MMPA (CsPONb-MMPA) at
bridging (b) and terminal (t) sites.

energy of the phosphonic acid (245.5kJ/mol) predicts that catalyst reactivation is unlikely under ambient condi-
tions. This lowest-energy pathway with nearly collinear P-OH and P-OCH, bonds at the rate-limiting transition
state (two other pathways in which P-OH is collinear with P-CH; or P = O bonds are shown in Figure S3) involves
protonation of a bridging oxygen site in the CsPOND at the transition state. In order to account for all reaction
possibilities and site- specific chemistries, we also analyzed reaction with: i) Csg[NbsO,] via protonation at a ter-
minal site, ii) hydrated CsPOND, (Csg[NbsO,4]-14H,0), and iii) diprotonated Cs4[H,Nb¢O,,]. Despite slight shifts
in the energetics, the reaction mechanism and products do not vary in these systems (Figure S4).

The DFT calculations also suggest important structural and electronic changes within the CsPONbD during the
reaction, which calls for experiments that can capture the dissociation of DMMP and its correlation with atomic
changes in the CsPONDb. A direct comparison of theoretical predictions and results from in situ experiments is
presented below.

Raman spectroscopy. The progressive decomposition of DMMP and concomitant CsPONDb structural
changes were followed with in situ Raman spectroscopy, which is very sensitive to molecular modes in oxide sur-
faces*”?%, Raman signatures suggest that at early exposure times, DMMP is the predominant species and adsorbs
molecularly onto the CsPOND surface?® . At later reaction times (~660 min), Raman bands emerge correspond-
ing to methanol**-* (2838 cm~1/2940 cm™!, 1029 cm™') and phosphonic acid®® *-3% (1099 cm~!, 1058 cm ™1,
~753cm™!), adsorbed at the CsPOND surface. These bands become dominant as excess DMMP molecules are
removed by purging with helium (Table S1, Figs 2a and S5).

The spectral features observed in the 100-1000 cm ™! range (Fig. 2b, top panel) are sensitive to the dynamics
of metal-oxide bonds*”>**#’, and indicate that the initial PONDb sample is partially protonated. Upon DMMP
exposure, the Nb-Oy;ina Stretching bands (~846 cm ™!, 897 cm™!) grow initially. The 897 cm™! peak corresponds
to the symmetric stretch of the Nb-O,, and is an indicator of the presence of CsPOND protonation, because its
intensity is enhanced dramatically when any of the oxygen sites becomes protonated. Thus, while in the pristine
CsPOND the intensity of this band is rather small, the peak grows substantially at reaction times when (M)MPA
becomes detectable (~660 min. trace), suggesting that the appearance of the product and the protonation of the
polyniobate unit are coupled. The 897 cm™! peak was unchanged upon DMMP removal by helium flushing at
ambient conditions, which further supports the high stability of the adsorbed (M)MPA-CsPONb complex. To
clarify whether growth of the 897 cm™! band is due to protonation at a terminal or a bridging oxygen atom, we
calculated Raman spectra for MMPA products adsorbed on Csg[NbgO ] that is protonated at either site (Fig. 2b,
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Figure 3. Differential bond distance disorder (o2), as obtained from quantitative analysis of in situ Nb K-edge
EXAFS data, as a function of DMMP/ He feed during interaction of DMMP with CsPOND for (a) Nb-O;minan>
(b) Nb-Opi4ging and (c) Nb-Nb bonds in CsPONDb.

bottom panel). Both spectra indicate a significant growth of the higher-energy peak in the Nb-O, region, consist-
ent with the experiment. Taking theory and experiment together, it seems likely that the Csg[NbsO,,] substrate is
protonated at both terminal and bridging sites during DMMP decomposition.

An essential experimental result is that the 897 cm ! band plateaus after prolonged DMMP treatment
(Figure S6), pointing toward the inactivation of CSPOND upon extended exposure. This result is consistent with
the large binding energy of the (M)MPA product to the polyniobate, which likely blocks the active sites of the
CsPOND toward further reaction with incoming DMMP. The crystal structure and transition between CsPONb
phases of varying degree of protonation upon DMMP exposure were also assessed in situ by using synchrotron
powder XRD (Figure S7). The PXRD results suggest a gradual change of long-range order during reaction and
agree well with the Raman observations of the perturbative effect of the DMMP decomposition reaction on the
CsPOND structure and the calculated reaction mechanism. The combined theoretical and experimental investi-
gations indicate that the reaction irreversibly transforms the CsPONDb sample during the reaction. This finding
suggests that CsPOND is likely not catalytic in gas-solid reaction conditions without a pathway to regenerate the
active sites.

X-ray absorption fine structure. Synchrotron XAFS was employed in order to further assess
element-specific structure and charge properties of the CsPONb. Owing its high sensitivity to the electronic
structure and local geometry around absorbing elements*"*, the near-edge structure (XANES) was examined
first. Upon exposure to DMMP, the strong Cs--Oy;,4 (Lindqvist ion oxygen) interaction weakens as result of
POND protonation**, and the Cs* ion becomes more positive relative to the pristine sample, as shown by the
enhancement of Cs L;-edge white line intensity (Figure S8a). This finding is in agreement with the calculations, as
Mulliken population analysis shows an increase in the average charge of Cs* counterions during DMMP hydrol-
ysis, from 4-0.82e in pristine octahedral Csg[NbsO,o] to 40.84e in Csg[NbO,]-MMPA. A gradual reduction of
the main Nb absorption peaks and concomitant increase in the pre-edge peak (Figure S8b) were also observed,
consistent with a change in Nb-O coordination within NbOg octahedra®> *°. This finding correlates explicitly
with the Raman and DFT results that the conversion of DMMP to (M)MPA is accompanied by protonation of
Lindqvist unit [NbsO,,]®~ oxygen sites.

The change in the Nb-O and Nb-Nb bond distance disorders is one of the most important structural descrip-
tors that can bridge experiment and theory. A reduction in amplitudes of Nb K-edge EXAFS peaks for these
CsPOND bonds was observed upon exposure to DMMP (Figure S9a). Quantitative analysis, using a structure
model based on the [NbgO, o] cluster geometry (Figure S9b), revealed an increase of both Nb-O and Nb-Nb bond
distance disorders (02) during reaction (Figures S9¢c-f, Table S2). Dynamic changes to CsPONb upon continuous
exposure to DMMP/He were tracked by in situ EXAFS. The disordering of bonds between Nb and
nearest-neighbor atoms (Fig. 3) is consistent with the calculations. DFT shows that all Nb-O and Nb-Nb distance
disorders increase during reaction (Figure S10), and the larger changes correspond to the oxygen atom that
becomes protonated. Thus, at the P5 intermediate of the minimum energy reaction path, the protonation of a
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Theory Theory
Bond Type | (O-H") (0y-H') Experiment
Nb-O, 0.00605 0.00004 0.00106 (18)
Nb-O, 0.00071 0.00274 0.00054 (13)
Nb-Nb 0.00082 0.00401 0.00011 (5)

Table 1. Bond Disorder (02, in A2): Theory vs. Experiment.

bridging oxygen (Oy) site results in the growth of the Nb-O,, bond variance. In products, the O, site is protonated,
and the Nb-O, variance is correspondingly large. We note that the duration of the XAFS measurements was much
longer than the lifetime of short-lived intermediates in the reaction mechanism; hence, the final states of the
reacting complex (CsPOND, distorted by the bound products) dominate the bond variances. In addition, the 2
measured in EXAFS consist of both static (052) and dynamic (adz) components that can be considered statistically
independent of each other: 0* = o + ;. In order to establish a direct comparison between experiments and
theoretical predictions, we present net changes of bond variances relative to those in the pristine CsPONDb, aver-
aged over the entire DMMP exposure time. This procedure ensures that the dynamic component, not included in
the calculations, will be also omitted from the experimental data.

Table 1 shows that the DFT calculations tend to provide substantially greater o2 values than those derived
from the EXAFS experiment. The gap between theory and experiments likely emerges from the different reac-
tion stoichiometries in the measurements and calculations. In the calculations, there is one DMMP molecule
per Csg[NbgO,,] unit, but in the experiment, it is unlikely that each Csg[NbgO ] unit is accessible to just a sin-
gle DMMP molecule. Notwithstanding, the experimental and calculated trends in the variance change can be
examined to produce additional insight about the reaction. In the experiment, the increase in the Nb-O, distance
disorder is greater than the increase in the Nb-Oy, disorder. This agrees with the calculations for protonation of the
CsPOND at an Oy;ping Site. However, the 0?(Nb-O,)/0?(Nb-Oy,) ratio calculated for that product is significantly
larger than in the experiments. The reaction pathway that results in protonation at an Oyqg, site significantly
increases the calculated variance of the Nb-O, distance. These results suggest that a combination of protonation
at both terminal and bridging sites may occur under experimental conditions, which is consistent with the Raman
study. Regardless of the protonation site, we can conclude that the observed DMMP decomposition and CsSPONb
structural changes in our experiments are mainly associated with the reaction that involves the protonation of
the original neutral CsPOND. This protonation process emerges as the key step in the overall mechanism and a
critical component of the atomic structural response to the reaction when CsPONDb hydrolytically decomposes
DMMP to (M)MPA and methanol. This finding provides new insight into the structure-activity of PONDbs that
must be considered in future design of polyoxometalates for decomposition of OP compounds and for hydrolysis
processes in general.

Conclusions

In summary, we used a combination of in situ techniques (Raman, XAFS, XRD) and associated DFT calculations
to reveal detailed structural changes including subtle variations to bond distances in a polyanion unit itself dur-
ing a POM reaction. In this initial case, the polyniobate, Csg[NbsO o] (CsPOND) and the much studied organ-
ophosphorus hydrolysis substrate, DMMP, were chosen for study. To our knowledge, this is the first time that a
structure-activity correlation in POM chemistry has been characterized in situ. The results reveal a direct con-
nection between DMMP decomposition and CsPONb protonation that induces bond distance disordering and
charge redistribution in the catalyst during reaction. The study indicates that the OP compound hydrolytically
decomposes via the cleavage of a P-OR bond and affords data of value to application of such POMs in protective
filtration materials for OP agents at the gas-surface interface. The fundamental insights into the specific role of
niobate sites in the degradation of nerve-agent simulants will be important for the design of new POMs with
improved properties for decontamination. In particular, the process of protonation, coupled with the irreversible
binding of products, strongly suggests that the CsPONb-based materials for OP catalysis may not be viable with-
out new approaches that address product inhibition.

Methods

Filtration activity. The Cs;[NbsO,,] sample was prepared and purity assessed following the procedure by
Nyman and co-workers*. Solid state Csg[NbsO,,]-xH,0 (CsPOND) was investigated in situ for the decomposi-
tion of dimethyl methylphosphonate (DMMP) by combined use of Raman spectroscopy and a quadrupole mass
spectrometer (QMS, Stanford Research Systems). To simulate the spreading of real agents in the field, a continu-
ous vapor stream of DMMP was generated with a saturator cell developed at Edgewood Chemical and Biological
Center*®. High-purity helium carrier gas, at a flow rate of 10 mL/min, was passed through a glass saturator filled
with liquid DMMP. The saturator was suspended in a bath at a constant temperature of 40 °C, in order to properly
generate saturated vapor. The measurements were performed by employing a reactor, which consists of a quartz
capillary (2.4 mm ID) connected with gas lines by Swagelok style. The CsPONb was loosely packed inside the
capillary. The sample bed was nicely fixed in position by quartz wool at both ends and then aligned to the focus
spot of a Raman optical probe. The DMMP/He mixture from the saturator was stream fed at constant flow rate
to the capillary reactor. The outlet of the reactor was connected to the QMS for analysis of flowing mixtures.
Such a setup allows a stream feed of DMMP/He gas mixture over the CsPONb sample during the acquisition of
Raman data. The chemical fragments/ions of mass-to-charge (m/z) =124 ([C;H,O;P] "), 94 ([C,H,0,P] "), 79
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([CH,4O,P]") and 47 ([PO] ) were readily detected by in-line mass spectrometry of the reactor effluent, confirm-
ing the steady vaporization and supply of DMMP in the gas stream. The decomposed products were monitored
via Raman spectroscopy.

Raman spectroscopy. Raman spectra were acquired using a Bay Spec spectrometer equipped with 532 nm
laser excitation. A non-contact fiber optic probe was used to focus the beam on the sample and collect scat-
tered signals. The data were recorded in continuous mode at a rate of 30 minutes per spectrum, concurrent with
DMMP/He stream feed to a CsPONb-packed capillary cell. Vibrational bands were identified and assigned
through reference to literature and comparison with DFT calculated spectra.

XAFS experiments. XAFS experiments were performed at Stanford Synchrotron Radiation Lightsource
(SSRL), Beamline 2-2 and Advanced Photon Source, Beamline 9BM. Nb K-edge (18986¢V) and Cs L;-edge
(5012 eV) data were collected in transmission and fluorescence modes, respectively. Ti K-edge (4966 eV) was used
for energy calibration in the Cs L;—edge experiment. For ex situ tests, CsSPONb sample powder was placed in a
sealed jar (~120mL) that contained a trace amount of liquid DMMP (~50ul) for a desired interval of time, and
the powder sample uniformly brushed on a tape was measured. In situ filtration and effluent detection were done
by following a procedure similar to that in the Raman experiment. CSPONb powder was packed in a Clausen
reactor with a Kapton capillary (1.0 mm ID) and the sample bed was aligned to x-ray beam for the proper meas-
urement. Sequential XAFS data were collected in continuous mode with ~20 minutes per spectrum. XAFS data
were processed and analyzed using the IFEFFIT package*> . Quantitative analysis of Nb K-edge EXAFS was
performed by fitting theoretical EXAFS spectra to the experimental data in r-space.

In situ XRD experiments.  In situ powder XRD (PXRD) measurements were conducted during the filtration
process at the Advanced Photon Source (APS), Beoamline 17BM. The time-resolved PXRD data were collected at
1 minute intervals using the beam of A =0.72959 A and a Perkin-Elmer 2D image detector.

Computational Analysis.  All theoretical calculations were performed using the Gaussian 09 suite of soft-
ware®! with the MO6L functional. Geometries and harmonic frequencies of reagents, products, and stationary
points along the reaction pathway were optimized using the 6-31 G(d,p) basis set for nonmetal atoms and the
Lanl2dz basis set and pseudopotentials for metal atoms. Energies were refined using single-point calculations
with the 6-31 4 + G(d,p) basis set for nonmetal atoms and corrected by the zero point. Raman activities were
calculated at the MO6L/(6-31 + + G(d,p)—Lanl2dz) level and compared directly with experiment. An ultrafine
integration grid was employed in all calculations except for Raman activities, for which a superfine integration
grid was used.

References

. Szinicz, L. History of chemical and biological warfare agents. Toxicology 214, 167-181, doi:10.1016/j.t0x.2005.06.011 (2005).

2. Dixon, M. & Needham, D. M. Biochemical research on chemical warfare agents. Nature 158, 432-438, doi:10.1038/158432a0 (1946).

3. Kim, K,, Tsay, O. G., Atwood, D. A. & Churchill, D. G. Destruction and detection of chemical warfare agents. Chem. Rev. 111,
5345-5403, doi:10.1021/cr100193y (2011).

4. Yang, Y. C., Baker, J. A. & Ward, J. R. Decontamination os chemical warfare. Chem. Rev. 92, 1729-1743, d0i:10.1021/cr00016a003
(1992).

5. Khan, A. W, Kotta, S., Ansari, S. H., Ali, ]. & Sharma, R. K. Recent advances in decontamination of chemical warfare agents. Def. Sci.
] 63, 487-496 (2013).

6. Smith, B. M. Catalytic methods for the destruction of chemical warfare agents under ambient conditions. Chem. Soc. Rev. 37,
470-478 (2008).

7. Schreuder-Gibson, H. L. et al. Chemical and biological protection and detection in fabrics for protective clothing. MRS Bull. 28,
574-578 (2003).

8. Wagner, G. W, Bartram, P. W, Koper, O. & Klabunde, K. J. Reactions of VX, GD, and HD with nanosize MgO. J. Phys. Chem. B 103,
3225-3228, doi:10.1021/jp984689u (1999).

9. Wagner, G. W,, Chen, Q. & Wu, Y. Reactions of VX, GD, and HD with nanotubular titania. J. Phys. Chem. C 112, 11901-11906,
doi:10.1021/jp803003k (2008).

10. Wagner, G. W,, Peterson, G. W. & Mahle, J. J. Effect of adsorbed water and surface hydroxyls on the hydrolysis of VX, GD, and HD
on titania materials: the development of self-decontaminating paints. Ind. Eng. Chem. Res. 51, 3598-3603, doi:10.1021/i€202063p
(2012).

11. Wagner, G. W. et al. Reactions of VX, GB, GD, and HD with nanosize Al,O;. Formation of aluminophosphonates. J. Am. Chem. Soc.
123, 1636-1644, doi:10.1021/ja003518b (2001).

12. Montoro, C. et al. Capture of nerve agents and mustard gas analogues by hydrophobic robust MOF-5 type metal-organic
frameworks. J. Am. Chem. Soc. 133, 11888-11891, doi:10.1021/ja2042113 (2011).

13. Katz, M. J. et al. Simple and compelling biomimetic metal-organic framework catalyst for the degradation of nerve agent simulants.
Angew. Chem. Int. Ed. 53,497-501, doi:10.1002/anie.201307520 (2014).

14. Stroobants, K. et al. Molecular origin of the hydrolytic activity and fixed regioselectivity of a Zr-IV-substituted polyoxotungstate as
artificial protease. Chem. Eur. J. 20,9567-9577 (2014).

15. Li, P. et al. Synthesis of nanocrystals of Zr-based metal-organic frameworks with csq-net: significant enhancement in the degradation
of a nerve agent simulant. Chem. Commun. 51, 10925-10928, doi:10.1039/c5c¢c03398e (2015).

16. Mondloch, J. E. et al. Destruction of chemical warfare agents using metal-organic frameworks. Nat. Mater. 14, 512-516, d0i:10.1038/
nmat4238 (2015).

17. Moon, S.-Y,, Liu, Y., Hupp, J. T. & Farha, O. K. Instantaneous hydrolysis of nerve-agent simulants with a six-connected zirconium-
based metal-organic framework. Angew. Chem. Int. Ed. 54, 6795-6799, doi:10.1002/anie.201502155 (2015).

18. DeCoste, J. B. & Peterson, G. W. Metal-organic frameworks for air purification of toxic chemicals. Chem. Rev. 114, 5695-5727,
doi:10.1021/cr4006473 (2014).

19. Mizrahi, D. M., Saphier, S. & Columbus, L. Efficient heterogeneous and environmentally friendly degradation of nerve agents on a
tungsten-based POM. J. Hazard. Mater. 179, 495-499, doi:10.1016/j.jhazmat.2010.03.030 (2010).

20. Guo, W. et al. Broad-spectrum liquid- and gas-phase decontamination of chemical warfare agents by one-dimensional
heteropolyniobates. Angew. Chem. Int. Ed. 55, 7403-7407, d0i:10.1002/anie.201601620 (2016).

—

SCIENTIFICREPORTS|7:773 | DOI:10.1038/s41598-017-00772-x 6


http://dx.doi.org/10.1016/j.tox.2005.06.011
http://dx.doi.org/10.1038/158432a0
http://dx.doi.org/10.1021/cr100193y
http://dx.doi.org/10.1021/cr00016a003
http://dx.doi.org/10.1021/jp984689u
http://dx.doi.org/10.1021/jp803003k
http://dx.doi.org/10.1021/ie202063p
http://dx.doi.org/10.1021/ja003518b
http://dx.doi.org/10.1021/ja2042113
http://dx.doi.org/10.1002/anie.201307520
http://dx.doi.org/10.1039/c5cc03398e
http://dx.doi.org/10.1038/nmat4238
http://dx.doi.org/10.1038/nmat4238
http://dx.doi.org/10.1002/anie.201502155
http://dx.doi.org/10.1021/cr4006473
http://dx.doi.org/10.1016/j.jhazmat.2010.03.030
http://dx.doi.org/10.1002/anie.201601620

www.nature.com/scientificreports/

21. Kinnan, M. K,, Creasy, W. R., Fullmer, L. B., Schreuder-Gibson, H. L. & Nyman, M. Nerve agent degradation with polyoxoniobates.
Eur. J. Inorg. Chem. 2014, 2361-2367 (2014).

22. Ma, EJ. et al. A sodalite-type porous metal-organic framework with polyoxometalate templates: adsorption and decomposition of
dimethyl methylphosphonate. J. Am. Chem. Soc. 133, 4178-4181 (2011).

23. Wang, S.-S. & Yang, G.-Y. Recent advances in polyoxometalate-catalyzed reactions. Chem. Rev. 115, 4893-4962, doi:10.1021/
cr500390v (2015).

24. Hill, C. L. Progress and challenges in polyoxometalate-based catalysis and catalytic materials chemistry. J. Mol. Catal. A: Chem 262,
2-6, doi:10.1016/j.molcata.2006.08.042 (2007).

25. Chapleski, R. C., Musaev, D. G., Hill, C. L. & Troya, D. The reaction mechanisam of nerve-agent hydrolysis with the CsgNbsO,,
Lindqvist hexaniobate catalyst. J. Phys. Chem. C 120, 16822-16830, doi:10.1021/acs.jpcc.6b05528 (2016).

26. Sharma, N. & Kakkar, R. Recent advancements on warfare agents/metal oxides surface chemistry and their simulation study.
Advanced Materials Letters 4, 508-521 (2013).

27. Adar, F. Raman spectra of metal oxides. Spectroscopy 29, 1-4 (2014).

28. Templeton, M. K. & Weinberg, W. H. Adsorption and decomposition of dimethyl methylphosphonate on an aluminum-oxide
surface. J. Am. Chem. Soc. 107, 97-108 (1985).

29. Taranenko, N., Alarie, . P, Stokes, D. L. & Vo-Dinh, T. Surface-enhanced Raman detection of nerve agent simulant (DMMP and
DIMP) vapor on electrochemically prepared silver oxide substrates. J. Raman Spectrosc. 27, 379-384 (1996).

30. Halford, J. O., Anderson, L. C. & Kissin, G. H. The Raman spectra of the methyl alcohols, CH;OH, CH,;0D, and CH,DOD. J. Chem.
Phys. 5,927-932, doi:10.1063/1.1749965 (1937).

31. Hester, R. E. & Plane, R. A. Raman spectra of methanol solutions—I: Saturated solutions of some electrolytes. Spectrochim. Acta Mol.
Biomol. Spectrosc. A 23, 2289-2296, doi:10.1016/0584-8539(67)80121-1 (1967).

32. Mammone, J. F & Sharma, S. K. Raman spectra of methanol and ethanol at pressure up to 100 kbar. J. Phys. Chem. 84, 3130-3134
(1980).

33. Yu, Y. et al. Complete Raman spectral assignment of methanol in the C-H stretching region. J. Phys. Chem. A 117, 4377-4384,
doi:10.1021/jp400886y (2013).

34. Vanderve, Bj & Herman, M. A. Vibrational analysis of methylphosphonic acid and its anions. 1. Vibrational-spectra. J. Mol. Struct.
15, 225-236, doi:10.1016/0022-2860(73)85006-9 (1973).

35. Vanderve, Bj & Herman, M. A. Vibrational analysis of methylphosphonic acid and its anions. 2. Normal coordinate analysis. . Mol.
Struct. 15, 237-248, doi:10.1016/0022-2860(73)85007-0 (1973).

36. Farquharson, S., Maksymiuk, P., Ong, K. & Christesen, S. D. In Vibrational Spectroscopy-Based Sensor Systems Vol. 4577 Proceedings
of the Society of Photo-Optical Instrumentation Engineers (Spie) (eds S. D. Christesen & A. J. Sedlacek) 166-173 (2002).

37. Inscore, E, Gift, A., Maksymiuk, P. & Farquharson, S. In Chemical and Biological Point Sensors for Homeland Defense Ii Vol. 5585
Proceedings of the Society of Photo-Optical Instrumentation Engineers (Spie) (eds A. J. Sedlacek, S. D. Christesen, T. VoDinh & R. J.
Combs) 46-52 (2004).

38. Taga, K., Miyagai, K., Hirabayashi, N., Yoshida, T. & Okabayashi, H. Vibrational -spectra and normal coordinate analysis of barium
dimethyl, diethyl and ethyl methyl phospahtes. J. Mol. Struct. 245, 1-11, doi:10.1016/0022-2860(91)87001-x (1991).

39. Dixit, L., Gerrard, D. L. & Bowley, H. J. Laser Raman-spectra os transition-metal oxides and catalysts. Appl. Spectrosc. Rev. 22,
189-249, doi:10.1080/05704928608070178 (1986).

40. Hardcastle, E. D. & Wachs, L. E. Determination of vanadium oxygen bonds and bond orders by Raman-spectroscopy. J. Phys. Chem.
95, 5031-5041, doi:10.1021/j100166a025 (1991).

41. Antonio, M. R,, Song, I. & Yamada, H. Coordination and valence of niobium TiO, NbO, solid-solutions through X-ray absorption
spectroscopy. J. Solid State Chem. 93, 183-192, doi:10.1016/0022-4596(91)90287-r (1991).

42. Arcon, I, Kodre, A., Gomilsek, J. P, Hribar, M. & Mihelic, A. Cs L-edge EXAFS atomic absorption background. Phys. Scr. T115,
235-236 (2005).

43. Antonio, M. R,, Nyman, M. & Anderson, T. M. Direct observation of contact ion-pair formation in aqueous solution. Angew. Chem.
Int. Ed. 48, 6136-6140, doi:10.1002/anie.200805323 (2009).

44. Nyman, M. et al. Solid-state structures and solution behavior of alkali salts of the [NbsO,,]® Lindqvist ion. J. Cluster Sci. 17,
197-219 (2006).

45. Vedrinskii, R. V. et al. Local atomic structure of niobates and titanates from X-ray absorption spectroscopic data. Phys. Solid State
51, 1394-1398, doi:10.1134/s106378340907018x (2009).

46. Yamamoto, T. Assignment of pre-edge peaks in K-edge x-ray absorption spectra of 3d transition metal compounds: electric dipole
or quadrupole? X-Ray Spectrom. 37, 572-584, doi:10.1002/xrs.1103 (2008).

47. Frenkel, A. I, Hills, C. W. & Nuzzo, R. G. A view from the inside: Complexity in the atomic scale ordering of supported metal
nanoparticles. J. Phys. Chem. B 105, 12689-12703, doi:10.1021/jp012769j (2001).

48. Tevault, D. E., Kelber, J. & Parsons, J. The 1998 ERDEC Scientific Conference on Chemical and Biological Defense Research. (U. S. Army
Edgewood Chemical Biological Center: Aberdeen Proving Ground, MD, 1999).

49. Newville, M. IFEFFIT: interactive EXAFS analysis and FEFF fitting. J. Synchrotron Radiat. 8, 322-324 (2001).

50. Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT. J.
Synchrotron Radiat. 12, 537-541, d0i:10.1107/s0909049505012719 (2005).

51. Gaussian 09 (Gaussian, Inc., Wallingford, CT, USA, 2009).

Acknowledgements

This work is supported by the U.S. Army Research Laboratory and the U.S. Army Research Office under grant
number W911NF-15-2-0107. The authors thank the Defense Threat Reduction Agency for support under
program BBI11PHM156. Use of Argonne Advanced Photon Source, and Stanford Synchrotron Radiation
Lightsource, was supported by DOE under Contracts No. DE-AC02-06CH11357, DE-AC02-76SF00515 and
DE-SC0012704, respectively. In situ operations at the BL2-2 beamline at SLAC were made possible by the DOE
grant No. DE-SC0012335. The authors gratefully acknowledge the beamline staff at SSRL BL2-2, APS BL 9BM,
and APS 17BM, particularly Dr. Matthew Latimer (SSRL) and Dr. Tianpin Wu (APS) for their assistance in
beamline operation. The authors acknowledge Advanced Research Computing at Virginia Tech for providing
computational resources and technical support.

Author Contributions

JR.M., C.L.H., D.T., W.0.G,, S.D.S. and A.LF. conceived the project, QW., A.M.P,, W.0.G., TD.N.P, C.H.S,,
N.S.M. and A.LE. performed the experiments, data analysis and interpretation. R.C.C. and D.T. performed
computational modeling and interpretation of the results. W.G. prepared the samples. S.D.S, J.R.M. and C.L.H.
contributed to the interpretation of results. Q. W., D.T., C.L.H., JR.M. and A.L.E. wrote the manuscript.

SCIENTIFICREPORTS|7:773 | DOI:10.1038/s41598-017-00772-x 7


http://dx.doi.org/10.1021/cr500390v
http://dx.doi.org/10.1021/cr500390v
http://dx.doi.org/10.1016/j.molcata.2006.08.042
http://dx.doi.org/10.1021/acs.jpcc.6b05528
http://dx.doi.org/10.1063/1.1749965
http://dx.doi.org/10.1016/0584-8539(67)80121-1
http://dx.doi.org/10.1021/jp400886y
http://dx.doi.org/10.1016/0022-2860(73)85006-9
http://dx.doi.org/10.1016/0022-2860(73)85007-0
http://dx.doi.org/10.1016/0022-2860(91)87001-x
http://dx.doi.org/10.1080/05704928608070178
http://dx.doi.org/10.1021/j100166a025
http://dx.doi.org/10.1016/0022-4596(91)90287-r
http://dx.doi.org/10.1002/anie.200805323
http://dx.doi.org/10.1134/s106378340907018x
http://dx.doi.org/10.1002/xrs.1103
http://dx.doi.org/10.1021/jp012769j
http://dx.doi.org/10.1107/s0909049505012719

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00772-x

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:773 | DOI:10.1038/s41598-017-00772-x 8


http://dx.doi.org/10.1038/s41598-017-00772-x
http://creativecommons.org/licenses/by/4.0/

	Atomic-Level Structural Dynamics of Polyoxoniobates during DMMP Decomposition

	Results and Discussion

	Density Functional Theory. 
	Raman spectroscopy. 
	X-ray absorption fine structure. 

	Conclusions

	Methods

	Filtration activity. 
	Raman spectroscopy. 
	XAFS experiments. 
	In situ XRD experiments. 
	Computational Analysis. 

	Acknowledgements

	Figure 1 The minimum-energy reaction pathway for the hydrolysis of DMMP by Cs8[Nb6O19].
	Figure 2 Raman spectra of the reaction system, before reaction (pristine), over the course of stream-feeding of the DMMP/He gas mixture, and in the helium stream following DMMP treatment.
	Figure 3 Differential bond distance disorder (σ2), as obtained from quantitative analysis of in situ Nb K-edge EXAFS data, as a function of DMMP/ He feed during interaction of DMMP with CsPONb for (a) Nb-Oterminal, (b) Nb-Obridging and (c) Nb-Nb bonds in 
	Table 1 Bond Disorder (σ2, in Å2): Theory vs.




