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A B S T R A C T

We report computational studies of (O,O-dimethyl)-(O-4-nitrophenyl)-phosphate (DMNP) and (O,O-dimethyl)-
(O-phenyl)-phosphate (DMPP) decomposition by the Zr-substituted Polyoxometalate {α-PW11O39Zr(μ-OH)
(H2O)}4−, which has been recently shown to be a catalytic active species in the reaction of (Et2NH2)8[{α-
PW11O39Zr(μ-OH)(H2O)}2]·7H2O with nerve agents. We studied two possible mechanisms of this reaction de-
scribed as “hydrolysis first” and “OH-transfer first”. Both reaction pathways are initiated from the same pre-
reaction complex (H2O)-(OH)-POM-(nerve agent). The “hydrolysis first” pathway starts by the concerted dis-
sociation of the adsorbed water molecule and nucleophilic addition of the resulting OH group to the nerve agent.
Conversely, the “OH-transfer first” pathway starts by nucleophilic addition of the Zr-coordinated OH ligand to the
phosphorus of the nerve agent simulant. Calculations show that the “OH-transfer first” pathway exhibits a lower
energy barrier for the decomposition of DMPP by ZrPOM. Thus, the presence of a hydroxo ligand in the co-
ordination sphere of Zr(IV) introduces a mechanism switch from “hydrolysis first” [which was recently reported
for the Sarin (GB) decomposition mechanism by the hexaniobate POM Cs8Nb6O19] to “OH-transfer first”. These
findings imply that the pH of the catalytic solution could play a critical role and potentially control the me-
chanism of nerve agent and simulant decomposition by polyoxometalates. We also predict and corroborate that
the presence of a strong electron-withdrawing para-substituent in the substrate phenyl group accelerates this
reaction: DMNP decomposition by ZrPOM occurs with a smaller rate-limiting energy barrier. The calculations
reveal several factors of the DMNP decomposition by the Zr(IV)-substituted polyoxometalates that provide de-
sign elements of Zr-based materials (including MOFs and POMs) for catalytic CWA decomposition under ambient
conditions.

1. Introduction

Chemical warfare agents (CWAs) such as Sarin (GB), Soman (GD),
methyl-Paraoxon (DMNP), Mustard (HD), and others (Scheme 1) pre-
sent a threat to both the military and civilians [1–4], and constitute an
increasing global risk. Therefore, the design of materials and technol-
ogies that can rapidly, and catalytically decompose CWAs is an active
area of research [5–13]. It is apparent that an atomistic/molecular level
understanding of catalytic CWA decomposition is critical for the

development of effective catalysts for these processes. As such, previous
studies [5,10] have established catalytic hydrolysis (both specific and
general base hydrolysis, Scheme 2A) and oxidative (Scheme 2B) de-
toxification as possible mechanisms of the nerve and blister agent de-
composition, respectively. Ongoing efforts have identified several en-
zymes (for example, acetylcholinesterase (a serine hydrolase)) [14],
and organic and inorganic materials, including metal–organic frame-
works (MOFs, especially UiO-66, NU-1000 and MOF-808) [9,15–30],
polyoxometalates (POM) [31–35], MOF/POM hybrid materials
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[36–39], zirconium hydroxide [40,41], zeolites [42,43], organic poly-
mers [44], titania [45–47] as effective materials for decomposition of
the organophosphorus (OP) nerve agents and pesticides.

Polyoxometalates (POMs) (Scheme 3) have long been of interest
because they are molecular representations of metal oxides but far more
amenable to extensive synthetic compositional alteration and char-
acterization at the molecular level [48–61]. Their stability makes them
broadly studied in various research domains, including materials sci-
ence [52,54], medicine [53], and catalysis [50,51,55,59–61]. It is not
surprising that they have also been identified as effective OP nerve
agent hydrolysis compounds because their high negative charges can
render them active players in nucleophilic processes.

In particular, Lindqvist polyoxoniobates (PONbs), a subset of POMs
with six niobium centers, exhibit OP decomposition ability.
[33,34,62,63] Therefore, the synthesis and in-depth analysis of struc-
ture and reactivity of various (alkali and organic) PONb salts have been
subject of extensive studies.[62,63] These studies have shown that the
structure and catalytic activity of these species depend on many factors
including, but not limited to, the nature of counter-cation, solution pH,
catalyst aggregate state, real-time environmental conditions, and the
nature and concentration of ambient gas molecules. Our recent me-
chanistic studies [64] of OP decomposition by the cesium salt of hex-
aniobate, Cs8Nb6O19, showed that reaction proceeds via a general base
hydrolysis mechanism. We found that while the hydrolysis process is
fast, a strong binding of product to the POM decreases its effectiveness
and inhibits regeneration of the active catalyst. The calculations have
revealed [65] that the presence of ambient gas molecules, such as CO2

and SO2, facilitates catalyst regeneration and could be helpful in
making these processes truly catalytic.

Zirconium substituted polyoxometalates are another class of POMs
and are also effective for CWA decomposition [56,57,58,66]. The pre-
sence of Zr(IV)-center(s) in the POM framework makes this class of
molecular catalysts a tunable alternative to Zr-containing MOFs (such
as UiO-66, NU-1000 and MOF-808) and zirconium hydroxides, both
extensively studied for OP decomposition at the gas-surface interface.
Consistent with these expectations, previous studies of the phosphoe-
ster bond hydrolysis in commonly used DNA models such as 4-ni-
trophenyl phosphate and bis-(4-nitrophenyl) phosphate by the POM
K15H[Zr(α2-P2W17O61)2]·25H2O have provided promising results
[67–77]. Inspired by these recent findings, we have recently studied
dimethyl chlorophosphate (DMCP) and GB decomposition by
(Et2NH2)8[{α-PW11O39Zr(μ-OH)(H2O)}2]·7H2O (henceforth referred to
as 2ZrPOM) by utilizing a multimodal approach involving X-ray ab-
sorption fine structure spectroscopy (XAFS), X-ray diffraction (XRD),
Raman spectroscopy, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), X-ray photoelectron spectroscopy (XPS) and
density functional theory (DFT) calculations.[78] This multimodal ap-
proach enabled us to identify the nature of the catalyst in operando and
also the decomposition products. We have shown that upon CWA
(DMCP and GB) exposure, a 2ZrPOM-CWA adduct forms, and the
2ZrPOM dimer transforms to ZrPOM monomers with coordinatively

unsaturated Zr(IV)-centers. The monomer species is proven to be the
key catalytic intermediate.

Previously, we also have examined [79], under homogeneous con-
ditions, the rates for hydrolysis of (O,O-dimethyl)-(O-4-nitrophenyl)-
phosphate (DMNP or methyl-paraoxon) catalyzed by 2ZrPOM as a
function of pH, ionic strength, catalyst, and substrate concentrations.
For this purpose, the effect of acetate and phosphate buffers was ex-
amined. It was discovered that in this reaction acetate functions as a co-
catalyst, but phosphate inhibits hydrolytic activity. Thus, the buffer
anions play key roles in CWA hydrolyses either accelerating (co-cata-
lyzing) or inhibiting the rate. DFT studies provided clear insight into
distinct binding modes and associated energetics of these two buffer
molecules. It was shown that H2PO4

− binds directly to the Zr-center,
which explains the loss of the nerve agent simulant hydrolysis activity
in phosphate buffer. In contrast, with acetate, the zirconium center
remains open to substrate binding as acetate binds in a non-competitive
mode to the POM. The binding of acetate to the catalytically active
zirconium likely provides a hydrolysis rate enhancement acting as a
local base and/or shifting the dimerization equilibrium in favor of the
more active monomer. This finding provides evidence that acetate-
through-hydrogen bonding with water acts as a local base by facil-
itating the dissociation of H2O into the OH− nucleophile during reac-
tion.

Inspired by the above developments, we herein conduct an in-depth
study of the mechanism of the DMNP decomposition by 2ZrPOM. We
use the monomeric species, ZrPOM, which bears OH and aqua ligands,
as the active catalyst. From previous findings, a second water molecule
is only weakly H-bonded to the key monomeric intermediate and does
not contribute to the reaction outcome, thus it is excluded from the
present work [78,79]. We study both (O,O-dimethyl)-(O-4-ni-
trophenyl)-phosphate (DMNP) and (O,O-dimethyl)-(O-phenyl)-phos-
phate (DMPP) decomposition by the ZrPOM (Scheme 1), and pay spe-
cial attention to the impact of para-substitution in the phenyl group on
the mechanism and the energetics of the studied reaction.

2. Computational details

The Gaussian 09 suite of programs [80] was used for all calcula-
tions. Geometry optimizations and frequency calculations for all re-
ported structures were performed at the M06L level of density func-
tional theory [81] and an ultrafine integration grid. Default
convergence criteria were used throughout. We used the 6-31G(d) basis
set for all main group elements and the Lanl2dz basis set with corre-
sponding Hay-Wadt effective core potentials for Zr and W, as im-
plemented in Gaussian09. Each reported minimum has all positive
frequencies and each transition state (TS) structure has only one ima-
ginary frequency. Intrinsic reaction coordinate (IRC) calculations were
performed for transition state structures to confirm their identity. Bulk
solvent effects are incorporated for all calculations (including the
geometry optimization) using the self-consistent reaction field polariz-
able continuum model (IEF-PCM) [82] with water as the solvent. All
reported enthalpies and Gibbs free energies, as ΔH/ΔG in kcal/mol, are
computed at 298.15 K and 1 atm.

3. Results and discussion

For sake of clarity, we discuss the mechanistic details only for the
reaction of ZrPOM with DMPP. Later, we summarize our findings for
the reaction of ZrPOM with DMNP, and briefly comment on the impact
of para-nitro substitution on the reaction outcome.

Based on the well-established general base hydrolysis mechanism
(Scheme 2A), the first step of the decomposition reaction is the nerve
agent coordination to the coordinatively unsaturated Zr(IV)-center of
the catalyst ZrPOM and the formation of the pre-reaction ZrPOM-DMPP
complex (R) (Fig. 1). In this pre-reaction complex (R), there are several
weak interactions between DMPP and the catalyst: (P]O1)]Zr, (P]

Scheme 1. Some of the extensively utilized chemical warfare agents (CWAs)
and mimics pesticides. See also Ref. [4].
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O1)]H1O1 and (PO4Me)]H2OH3 bonds have 2.459, 2.375 and 2.185 Å
bond distances, respectively. These weak interactions of ZrPOM and
DMPP in (R) are also manifested in a relatively small, ΔH=−17.7/
G=−1.4 kcal/mol, complexation energy (i.e. energy of the
ZrPOM+DMPP→ (R) process). Note the H-bonding between the aqua
ligand and bridging O5-center of the catalyst: the calculated H2OH3]
O5 distance is 2.179 Å.

Previously, for the Sarin (GB) decomposition by the cesium salt of
hexaniobate, Cs8Nb6O19, we have established [64] that nerve agent
decomposition initiated from an analogous R pre-reaction complex
(H2O)-POM-(nerve agent) is a multi-step process and proceeds via: (a)

concerted dissociation of the adsorbed water molecule on a basic
oxygen atom of the Cs8Nb6O19 and nucleophilic addition of the OH
group to the phosphorus center of the nerve agent, (b) rapid re-
organization of the resulting pentacoordinated phosphorus inter-
mediate, and (c) dissociation of the decomposition products and re-
generation of the catalyst. Below, we call this the “hydrolysis first”
mechanism.

However, the presence of OH-ligand at the Zr(IV)-center of ZrPOM
makes it necessary also to investigate an alternative decomposition
mechanism for DMPP (and DMNP) on ZrPOM, which can be initiated by
the OH-ligand transfer from zirconium to the phosphorus of the nerve

Scheme 2. (A) The established catalytic hydrolysis (both specific and general base), and (B) the oxidative detoxification mechanisms of nerve agent and blister agent
decomposition, respectively.

Scheme 3. (A) The most extensively utilized class of
polyoxometalates: Lindqvist, Keggin and Dawson.
Here, the blue octahedra are MO6 units and the
purple tetrahedra are internal XO4 units; (B) The
polyoxometalate (Et2NH2)8[{α-PW11O39Zr(μ-OH)
(H2O)}2]·7H2O 2ZrPOM) used in this paper. For
simplicity, in our presentation the counter-cations
and external water molecules are omitted. Code:
WO6, grey; PO4, purple; Zr, green; and O red. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 1. Pre-reaction complex (R), hydrolysis transi-
tion state (TS1) and direct hydrolysis product (P1)
of the reaction of ZrPOM with DMPP occurring via
the “hydrolysis first” mechanism. Selected bond dis-
tances of these structures are given in Å, and their
relative energies are presented in kcal/mol (see
Supporting Materials for full structural parameters).
Color code: W: blue, O: red, P: yellow, H: white, C:
grey, Zr: light blue. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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agent simulant and formation of the pentacoordinated phosphorus in-
termediate. From the resulted pentacoordinated phosphorus inter-
mediate, reaction is expected to proceed via: (a) protonation of the
either methoxy or phenol ligands of the OP species, and (b) dissociation
of the decomposition products and regeneration of the catalyst. Below,
we call this the “OH-transfer first” mechanism. Herein, in order to
broaden applicability of outcomes of our studies (for the POM catalysts
with and without hydroxo ligand), we investigate both “hydrolysis first”
and “OH-transfer first” mechanisms for the DMPP and DMNP decom-
position by ZrPOM.

The “Hydrolysis first” Pathway. We start our discussion with the
“hydrolysis first” mechanism of DMPP decomposition on the ZrPOM. As
we mentioned above, the first step after formation of the pre-reaction
complex (R) is dissociation of the coordinated water molecule between
the O5- and Zr-centers of the polyoxometalate. At the corresponding
hydrolysis transition state, (TS1), the broken O3-H3 bond is elongated
to 1.375 Å, while the formed O5eH3 and ZreO3 bonds are 1.106 and
2.246 Å, respectively. The energy barrier associated with this water
splitting step (calculated relative to the pre-reaction complex (R)) is
16.9/15.6 kcal/mol. Overcoming the barrier (TS1) leads to the me-
tastable intermediate (P1), where the (POM)O5eH3 and ZreO3 bonds
are fully formed. Since the intermediate (P1) lies 13.6/12.5 kcal/mol
higher in energy than pre-reaction complex (R), it may easily rearrange
to the latter.

Alternatively, the intermediate (P1) can undergo the Zr-to-P hy-
droxo transfer via a 5.4/9.7 kcal/mol energy barrier (relative to (P1)) at
the transition state (TS2), and lead to the pentacoordinated phosphorus
intermediate (P2) (Fig. 2). Overall, the (R)→ (P2) transformation re-
quires a 19.0/22.2 kcal/mol energy barrier and is uphill by 13.7/
15.8 kcal/mol. In other words, the hydrolysis in the pre-reaction com-
plex (R) is kinetically feasible but thermodynamically unfavorable.
Therefore, the pre-reaction complex (R) can be considered as a resting
state of the reaction.

From the high-energy hydrolysis intermediate (P2), the reaction of
ZrPOM and DMPP may lead to the alcohol product formation via a
proton transfer either to methoxy or phenoxy ligands of the phosphate.
This is a very complex process, since potential source of proton could be
either the previously oxidized POM fragment, the hydroxo ligand of the
phosphate, or an adventitious water molecule.

Our calculations show that methanol formation occurs via proton
transfer from the hydroxo ligand of the phosphate to the methoxy at the
transition state (TS3). As seen in Fig. 3, at this transition state the ac-
tivated O3–H2 and P–O4 bonds are elongated to 1.352 and 1.815 Å,
respectively, while the formation of the P–O3 and O4–H2 bonds is in-
itiated with lengths of 1.671 and 1.148 Å, respectively. Thus, this is a
true OH-to-OMe proton-transfer transition state. While the resultant
complex (P3) is 6.0/6.5 kcal/mol lower in energy than pre-reaction

complex (R), the calculated large, 43.5/44.9 kcal/mol, energy barrier
makes methanol formation upon reaction of ZrPOM with DMPP ex-
ceedingly slow. The following, fast, proton (H3) transfer from the O5H3-
fragment of the POM to the just formed O3(PO3)-center completes the
reaction and brings the intermediate (P3) and product complex (P4) to
an equilibrium. The product complex (P4) with a weakly coordinated
methanol and O-(methyl)-O-(phenyl)-(O-hydrogen)-phosphate (MPHP)
is only 3.9/5.3 kcal/mol lower than the pre-reaction complex (R). The
subsequent dissociation of methanol and MPHP ligands and coordina-
tion of water molecule complete the catalytic cycle.

Alternatively, from the same intermediate (P2), the reaction of
ZrPOM with DMPP can proceed via phenol formation, which is found to
occur via the hydroxo-to-phenoxy proton transfer transition state (TS4),
with a notably smaller, 29.5/30.1 kcal/mol, energy barrier (calculated
from the pre-reaction complex (R)). Close examination of (TS4) shows
that it is a phenoxy dissociation-then-proton-abstraction transition
state. Indeed, at this transition state the PeOPh bond is significantly
elongated (to 2.228 Å), while the activated OeH bond is only slightly
elongated (to 0.999 Å). A normal mode analysis of the reaction co-
ordinate at TS4 supports this conclusion (Fig. 4).

Overcoming this transition state leads to the intermediate (P5) with
the weakly coordinated phenol and bidentate-coordinated dimethyl
ester of phosphoric acid ligands, which is 10.7/10.2 kcal/mol lower
than the initial complex (R). In this P5 intermediate, similar to the
methanol formation pathway, a rapid proton (H3) transfer from the
O5H3-fragment of POM to the newly formed O3(PO3)-center leads to the
product complex (P6), which lies 13.7/12.1 kcal/mol lower than the
initial complex (R). The product complex (P6) features weakly co-
ordinated phenol and (O,O-dimethyl)-(O-hydrogen)-phosphate (DMHP)
ligands, dissociation of which completes the catalytic cycle with co-
ordination of a water molecule. One should note that the involvement
of external water molecules into the proton shuttling between P-OH and
methoxy and phenoxy groups could slightly reduce this energy barrier,
but will not alter our conclusion.

In summary, the above presented discussion (also see Fig. 5,
showing the reaction energy profile) unambiguously demonstrates that
DMPP decomposition by the ZrPOM catalyst, via the “hydrolysis-first”
mechanism, can lead only to phenol and (O,O-dimethyl)-(O-hydrogen)-
phosphate (DMHP) products. Methanol and O-(methyl)-O-(phenyl)-(O-
hydrogen)-phosphate (MPHP) formation requires a higher energy bar-
rier and likely does not compete under ambient conditions. However,
even phenol and DMHP formation requires an elevated (i.e. 29.5/
30.1 kcal/mol) energy barrier in this mechanism. These findings sug-
gest that timely decomposition of DMPP by ZrPOM via the “hydrolysis-
first” mechanism may require harsh reaction conditions. Since the
presented “hydrolysis-first” mechanism is, as previously was reported
[64], the main decomposition mechanism of Sarin (GB) by the Lindqvist
hexaniobate salts (for example, Cs8Nb6O19), here we predict that the
above presented findings are also applicable for the DMPP decom-
position by the hexaniobate salts.

The “OH-transfer first” pathway. As mentioned above, the presence of
a Zr-coordinated OH-ligand in the ZrPOM creates the possibility for an
alternative DMPP decomposition mechanism initiated by the OH-
transfer to the phosphorus center of the coordinated nerve agent si-
mulant. The presented calculations show that this process occurs via the
transition state TS1a (here and below, “a” in the labels of transition
states, intermediates and products indicates the alternative, OH-transfer
first pathway) with 11.3/12.3 kcal/mol energy barrier and leads to the
pentacoordinated phosphorus intermediate (P2a). The OH-transfer
process, i.e. (R)→ (P2a), is found to be 5.9/5.8 kcal/mol thermo-
dynamically uphill (see Fig. 6). Comparison of the calculated energetics
for the initial steps of the “OH-transfer first” mechanism with those for
the above-presented “hydrolysis first” pathway shows that the former
process requires a smaller energy barrier (11.3/12.3 kcal/mol vs 19.0/
22.2 kcal/mol) and is less endothermic (5.9/5.8 kcal/mol vs 13.7/
15.8 kcal/mol). Therefore, the OH-transfer from zirconium to

Fig. 2. The calculated OH-transfer transition state (TS2) and five-coordinated
phosphorus product (P2) of the reaction of ZrPOM with DMPP occurring via the
“hydrolysis first” mechanism. Selected bond distances of these structures are
given in Å, while their relative energies are presented in kcal/mol (see
Supporting Materials for full structural parameters). Same color code as Fig. 1.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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phosphorus in the pre-reaction complex (R) is expected to be the initial
step of the DMPP decomposition by ZrPOM. However, this step of the
reaction is energetically uphill and therefore the pre-reaction complex
(R) remains the resting stage of the DMPP decomposition.

Interestingly, as seen in Figs. 2 and 6, the calculated pentacoordi-
nated phosphorus intermediates of the “hydrolysis first” and “OH-
transfer first” pathways, i.e. (P2) and (P2a) respectively, are related:
intermediate (P2) converges to (P2a) by proton transfer from the POM-

moiety to the Zr-coordinated OH-ligand. This process is thermo-
dynamically favourable by 7.7/6.7 kcal/mol. However, for POMs with
highly basic oxygen centers, like hexaniobates, one may expect the
(P2)→ (P2a) transformation will be thermodynamically unfavorable.

From the intermediate (P2a) the reaction may proceed to either
methanol or phenol formation and associated O-(methyl)-O-(phenyl)-
(O-hydrogen)-phosphate (MPHP) and (O,O-dimethyl)-(O-hydrogen)-
phosphate (DMHP) decomposition products, respectively. However,

Fig. 3. The OH-to-OMe proton transfer transition
state (TS3), direct product (P3) of this step, and
product (P4) of the following proton transfer from
the POM to the PO-unit. Selected bond distances of
these structures are given in Å, while their relative
energies are presented in kcal/mol (see Supporting
Materials for full structural parameters). Same color
code as Fig. 1. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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this article.)

Fig. 5. The calculated energy surface (unscaled) of the reaction of ZrPOM with DMPP (regular numbers) and DMNP (italic numbers) proceeding via the “hydrolysis
first” mechanism.
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calculations show that prior to the protonation of methoxy or phenoxy
ligands, intermediate (P2a) must undergo a Berry pseudorotation that
locates the leaving group in an axial site of the trigonal bipyramid. This
process occurs through transition state TS2a and leads to intermediate
P3a. It requires a 22.0/22.3 and 19.3/20.3 kcal/mol energy barrier and
is uphill by 10.2/11.9 and 12.8/13.5 kcal/mol for the pathways leading
to the methanol (M) and phenol (P) formation, respectively. For ex-
ample, as seen in Figs. 6 and 7, at the transition state (TS2a) leading to
the phenol formation, the Zr-O2H(P) bond is elongated from 2.251 to
2.375 Å, but the Zr-O1(P) bond is shortened (from 2.239 to 2.141 Å),
compared to their values in intermediate (P2a). Overcoming this
transition state leads to cleavage of Zr-O2H(P) bond: in intermediate
(P2a) it is calculated to be 3.886 Å.

Close analyses show that the protonation of the methoxy or phenoxy
ligands of the phosphorus intermediate P3a may proceed via multiple
pathways. Herein, we identified two of them designated as “internal”
and “external” protonation pathways. In the first case, the O2H-ligand of
the phosphate acts as a proton source, while in the latter case, the re-
quired proton comes from the Zr-coordinated water molecule. Since
among these two pathways, the “external” protonation (i.e. by the Zr-
coordinated water molecule) is kinetically less demanding and requires
insignificant (> 1 kcal/mol) energy barriers (at the transition state
(TS_elim), see Fig. 8), calculated relative to the corresponding isomer of
the intermediate (P3a), below we only briefly discuss the “external”
protonation pathway (transition states and products of the “internal”

protonation pathway are given in the Supporting Materials).
Since the transition states (TS_elim) (see Fig. 8, as well as sup-

porting materials) are lower in energy than the corresponding Berry
pseudorotation transition state (TS2a), they are not expected to be rate-
determining and will not impact the outcome of overall decomposition
reaction. Thus, the Berry pseudorotation is the rate-limiting step of the
DMPP decomposition by ZrPOM proceeding via the “OH-transfer first”
and followed by the “external” protonation mechanism (below, we will
call this mechanism of overall reaction just “OH-transfer first” me-
chanism). Furthermore, if the reaction proceeds via this mechanism
then one should expect mostly phenol and (O,O-dimethyl)-(O-hy-
drogen)-phosphate (DMHP) as the DMPP decomposition products.

Thus, the above presented findings clearly show that from the two
possible mechanisms of DMPP decomposition by the ZrPOM, i.e. “hy-
drolysis first” and “OH-transfer first”, the “OH-transfer first” pathway
requires a smaller rate-limiting energy barrier, 19.3/20.3 kcal/mol (for
the Berry pseudorotation) vs 29.5/30.1 kcal/mol for the “hydrolysis
first” mechanism. In other words, the presence of a hydroxo ligand in
the coordination sphere of Zr(IV) elicits a mechanistic switch from
“hydrolysis first” (previously reported [64] for the Sarin (GB) decom-
position by the hexaniobate POM Cs8Nb6O19) to “OH-transfer first”.
These findings imply that pH change of the catalytic solution, and
therefore the hydroxide concentration, could be one of the mechanism
controlling factors of the nerve agent and simulant decomposition by
polyoxometalates.

3.1. Para-nitro-substitution effect on the mechanism of methyl-paraoxon
(DMNP) decomposition by ZrPOM

While the calculated rate-limiting barriers of the DMPP decom-
position by the ZrPOM are accessible at room temperature, the above
presented discussion and discovered “phenoxy dissociation-then-
proton-abstraction” nature of the rate-limiting transition state of the
“hydrolysis first” pathway indicate that the presence of a strong electron-
withdrawing para-substituent in the phenyl group could further reduce
the rate-limiting energy barrier of this reaction. In order to validate this
prediction, we now briefly discuss the mechanism of the (O,O-di-
methyl)-(O-4-nitrophenyl)-phosphate (DMNP) decomposition by
ZrPOM, which only differs from DMPP in the para-nitro substituent. We
have investigated both the “hydrolysis first” and “OH-transfer first”
pathways, which we discuss very briefly.

Extensive calculations (see Supporting Materials) of the first step of
the OH-transfer first mechanism, i.e. (para-R)→ (para-TS1a)→ (para-
P2a), for DMNP (the simulant with the para-nitro substituted phenyl)
and comparison with those for DMPP (the simulant with a non-sub-
stituted phenyl group) show that para-nitro substitution has almost no
impact on the calculated geometries and energetics of the associated
transition state and intermediate. This process is endothermic by 5.0/
6.6 kcal/mol (vs 5.9/5.8 kcal/mol) and proceeds over a reasonably low
energy barrier (9.5/11.6 kcal/mol for DMNP and 11.3/12.3 kcal/mol
for DMPP) (see Fig. 8). However, as anticipated, para-nitro substitution
to phenyl has a strong impact on the calculated relative energy of the
rate-limiting Berry pseudorotation transition state (para-TS2a) and re-
duces it from 19.3/20.3 kcal/mol (for DMPP) to 15.1/15.8 kcal/mol
(for DMNP). Thus, indeed, the presence of strong electron-withdrawing
para-nitro substitution in DMNP makes its decomposition by ZrPOM
more facile.

Briefly, our findings (see Supporting Materials) for the DMNP de-
composition by ZrPOM via the “hydrolysis first” mechanism show that
introducing a strong electron-withdrawing para-nitro-substituent to
phenyl, i.e. converting of DMPP to DMNP, (a) reduces the rate-limiting
phenol formation energy barrier from 29.5/30.1 kcal/mol (for DMPP)
to 19.8/21.8 kcal/mol (for DMNP), and (b) makes the phenol and (O,O-
dimethyl)-(O-hydrogen)-phosphate (DMHP) formation thermo-
dynamically even more accessible. Since the “hydrolysis-first” me-
chanism is, as previously was reported [64], the main decomposition

Fig. 6. The calculated OH-transfer transition state (TS1a) and intermediate
(P2a). Selected bond distances of these structures are given in Å, while their
relative energies (relative to pre-reaction complex (R)) are presented in kcal/
mol (see Supporting Materials for full structure parameters). Same color code as
Fig. 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. The calculated Berry pseudorotation transition state (TS2a) and product
(P3a) leading to phenol formation. Selected bond distances of these structures
are given in Å, while their relative energies (relative to pre-reaction complex
(R)) are presented in kcal/mol (see Supporting Materials for full structure
parameters, as well as for the structures for the methanol formation pathway).
Same color code as Fig. 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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mechanism of Sarin (GB) by the Lindqvist hexaniobate salts (for ex-
ample, Cs8Nb6O19), this critical role of para-nitro-substitution to phenyl
is also expected to be valid for the case of DMPP and DMNP decom-
position by the hexaniobate salts.

4. Conclusions

We have reported an extensive DFT study of the mechanism and
controlling factors of (O,O-dimethyl)-(O-4-nitrophenyl)-phosphate
(DMNP) and (O,O-dimethyl)-(O-phenyl)-phosphate (DMPP) decom-
position by the zirconium-substituted polyoxometalate, {α-PW11O39Zr
(μ-OH)(H2O)}4−, ZrPOM. We studied two mechanisms described as
“hydrolysis first” and “OH-transfer first”. The “hydrolysis first” mechanism
is initiated from a pre-reaction complex (H2O)-(OH)-POM-(nerve agent)
and proceeds via the: (a) concerted dissociation of the adsorbed water
molecule on a basic oxygen atom of the POM and nucleophilic addition
of the nascent OH group to the phosphorus atom of the nerve agent, (b)
rapid reorganization of the resulting pentacoordinated phosphorus in-
termediate, and (c) dissociation of the decomposition products and
regeneration of the catalyst. The “OH-transfer first” mechanism is also
initiated from the same pre-reaction complex (H2O)-(OH)-POM-(nerve
agent) but proceeds via the: (a) OH-ligand transfer from zirconium to
the phosphorus of the nerve agent simulant and formation of the pen-
tacoordinated phosphorus intermediate, (b) rate-limiting Berry pseu-
dorotation, (c) protonation of the phenoxy group of the substrate by the
Zr-coordinated water molecule, and (d) dissociation of the decom-
position products [phenol and O,O-dimethyl)-(O-hydrogen)-phosphate
(DMHP)] and regeneration of the catalyst.

Calculations show that the “OH-transfer first” pathway is the pre-
ferable mechanism for the decomposition of DMPP by ZrPOM. Thus, the
presence of a hydroxo ligand in the coordination sphere of Zr(IV) in-
troduces a mechanistic switch from “hydrolysis first” [which previously
was reported [64] for the Sarin (GB) decomposition mechanism by the
cesium salt of hexaniobate, Cs8Nb6O19] to “OH-transfer first”. These
findings suggest that the pH of the catalytic solution might play a cri-
tical role and enable mechanism control of the nerve agent and simu-
lant decomposition by polyoxometalates.

We predicted and corroborated that the presence of a strong elec-
tron-withdrawing para-substituent in the phenyl group of the substrate
reduces the rate-limiting energy barrier of this reaction: the DMNP
(with para-nitro-substituted phenyl) decomposition by ZrPOM occurs
with smaller rate-limiting energy barrier than DMPP (the simulant with
a non-substituted phenyl group), and leads to the para-nitro-phenol and
DMHP as the decomposition products.

In summary, the calculations presented herein have revealed factors
facilitating DMNP decomposition by Zr(IV)-substituted polyoxometalates.
This knowledge renders Zr(IV)-substituted polyoxometalates attractive
candidates for CWA decomposition. Furthermore, this class of POMs
constitute a molecular and readily modifiable alternative to and analogue
of Zr-containing MOFs (such as UiO-66, NU-1000 and MOF-808) and
zirconium hydroxide, both extensively studied classes of compounds for
organophosphorus nerve agent decomposition. We anticipate that these
findings will be helpful in designing Zr-based materials that can cataly-
tically decompose CWAs and other toxic compounds under ambient
conditions.
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