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ABSTRACT: The nanoscale one-dimensional polymeric polyniobate
K12[Ti2O2][SiNb12O40]·22H2O (KSiNb) rapidly hydrolyzes the gaseous
organophosphorus nerve agent simulant dimethyl chlorophosphate
(DMCP). A multimodal approach combining X-ray, IR and Raman
spectroscopies and computation reveals that this reaction, involving the
initial nucleophilic attack of polyoxometalate (POM) oxygen at
phosphorus, is greatly modulated by the polyniobate counterions: the
most negative and nucleophilic oxygen atoms in KSiNb, the Ti−O−Ti
and Ti−O−Nb oxygen atoms, preferentially bind the potassium
counterions, compelling the less negative oxygen atoms to become the
nucleophiles. This heretofore unnoted paradigm of the POM counterion
location and function could well impact a myriad of POM reaction
studies.

KEYWORDS: polyniobates, counterion impacts, nerve agent, X-ray absorption spectroscopy, DRIFTS, density functional theory,
normal-mode analysis

1. INTRODUCTION

Strategies for chemical warfare agent (CWA) decontamination
to protect both military and civilian populations from their
significant threat have been investigated for decades.1,2 In
particular, organophosphorus (OP) nerve agents, one class of
CWAs, are generally detoxified via hydrolysis. Several types of
materials for hydrolysis of OP nerve agents and simulants have
been proposed,3,4 notably metal−organic frameworks (MOFs)
and polyoxometalates (POMs).
MOFs are a class of hybrid organic−inorganic coordination

polymers formed by inorganic cores connected by organic
linkers to form extended networks with high porosity and
ultrahigh surface areas.5 A series of Zr-based MOFs, especially
UiO-66, UiO-67, NU-1000, and MOF-808, which contain
acidic ZrIV sites, have been proven to hydrolyze nerve agents
and the simulants dimethyl 4-nitrophenylphosphate
(DMNP)6,7 and dimethyl methylphosphonate (DMMP).8,9

Importantly, open-pore structures and the presence of defects
are key requirements in Zr6-based MOFs to enable OP nerve
agent hydrolysis. However, the vapor-phase exposure of
organophosphonates to these MOFs leads to the strongly
bound products at the Zr6-based MOF nodes or to the MOF
collapse. Both of these effects lead to the diminution or loss of
catalytic reactivity. Inhibition of catalytic hydrolysis activity has
been extensively reported in solution6 and more recently
reported to render these MOFs ineffective as catalysts for gas-
phase CWA hydrolysis.8,9

POMs comprise a group of molecular, highly tunable,
metal−oxygen anions with versatile applications in magnetism,
medicine, electrochemistry, and catalysis10,11 that have also
been investigated for the decontamination of CWAs and/or
their simulants.12−16 Multiple classes of POMs have been
shown to catalyze hydrolysis of OP nerve agents, including
polymolybdates, polyniobates, and polytungstates.17−22

Nyman and co-workers reported a one-dimensional polymeric
polyniobate, K12[Ti2O2][SiNb12O40]·22H2O (KSiNb),23,24

whose structure is given in Figure 1, and its isostructural
analogue KGeNb. KSiNb can be referred to as polyoxoniobate
nanothreads (PONTs) based on the reported X-ray crystallog-
raphy. The cross section of KSiNb is ∼1.5 × 1.5 nm, while
along the arbitrarily long chain, the Keggin POM unit is ∼1.5
nm × 1.5 nm × 1.4 nm.23 The Keggin chains crystallize
together, forming the particles seen in the scanning electron
microscopy (SEM) images described in greater detail below.
The components of PONTs, like those of MOFs, can be
modified extensively, and PONTs can be easily prepared in
large quantities.

Received: March 23, 2021
Accepted: June 1, 2021
Published: June 7, 2021

Letterwww.acsanm.org

© 2021 American Chemical Society
5649

https://doi.org/10.1021/acsanm.1c00813
ACS Appl. Nano Mater. 2021, 4, 5649−5654

D
ow

nl
oa

de
d 

vi
a 

B
R

O
O

K
H

A
V

E
N

 N
A

T
L

 L
A

B
O

R
A

T
O

R
Y

 o
n 

Ju
ne

 2
5,

 2
02

1 
at

 1
3:

43
:5

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiyao+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+L.+Kaledin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+L.+Collins-Wildman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+G.+Snider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Djamaladdin+G.+Musaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Craig+L.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Craig+L.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anatoly+I.+Frenkel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.1c00813&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00813?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00813?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00813?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00813?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00813?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/4/6?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/6?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/6?ref=pdf
https://pubs.acs.org/toc/aanmf6/4/6?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00813?rel=cite-as&ref=PDF&jav=VoR
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


Subsequent to the report of these PONTs, we reported that
they are more reactive than hydroxide for hydrolysis of Sarin
(GB) and its simulants in either solution or the gas phase.21

However, no details are known about this KSiNb-catalyzed
hydrolysis of OP compounds. The following key questions
remain unanswered: (a) What are the active site atom(s) of
KSiNb that facilitate docking of the OP compound? (b) Which
of these atoms attack the OP compound? (c) What are the
roles of the many countercations of KSiNb in this hydrolytic
chemistry (structure in Figure 1)? (d) What factors might
destabilize KSiNb in the course of catalytic turnover? This
paper addresses these questions using KSiNb and the GB
simulant dimethyl chlorophosphate (DMCP).
A combination of methods is the key for studying the

activity mechanisms of nanoscale filtration materials.6 In this
work, diffuse-reflectance infrared Fourier transform spectros-
copy (DRIFTS), an X-ray absorption fine structure (XAFS)
study of the key components in the PONT (KSiNb in the
present case) architecture, Raman spectroscopy, density
functional theory (DFT) calculations, and normal-mode
analysis were combined for illuminating the details of the
DMCP and PONT interaction and the DMCP decomposition
by the PONT. In the course of this investigation, a key issue
emerged, namely, that the PONT countercations charge-
neutralize and sterically block the most negative O atoms25,26

by strong association with these O atoms. While the roles of
POM counterions on the self-assembly, stabilization, and
solubility of POMs were recently reviewed27 and detailed
quantitative studies on the roles of alkali-metal counterions on
POM redox reactivity have also been reported,28,29 this study
through the use of all of the experimental and computational
approaches noted above reveals for the first time a selective,
preferential steric blocking and neutralization of the most
negative POM O atoms that shifts the reactivity to conven-
tionally less negative and reactive O atoms. The combined
study revealed the location of reaction-active O sites in the
KSiNb structure.

2. RESULTS AND DISCUSSION

KSiNb was synthesized according to reported literature
methods; the purity was confirmed via Fourier transform
infrared (FTIR; Figure S1).24 The morphology of KSiNb
particles can be seen in the SEM image (Figure S2). KSiNb
nanothreads crystallize together to form rodlike particles
consisting of many polyniobate chains. Energy-dispersive X-
ray analysis (EDX) confirms the uniform nature of the material
(Figure S3).
All of the experimental and computational studies on KSiNb

presented here include all of the countercations of this

polymeric polyanion. To probe the adsorption of DMCP on
KSiNb at the gas−solid interface, we performed DRIFTS
experiments (Figure 2). Assignment of the bands that emerge

upon exposure is aided by a direct comparison of the spectra of
gas-phase DMCP.30 The peak observed at 1255 cm−1 was
assigned to the ν(PO) stretch of chemisorbed DMCP on
the KSiNb sample. This peak redshifts from the gas-phase
DMCP value for this mode of 1309 cm−1, which is also
observed in the calculated IR spectra of chemisorbed DMCP
on KSiNb, where this mode redshifts by about 50 cm−1 from
the gas-phase DMCP as well (Figure S4). The peak observed
at 1188 cm−1 and the overlapping bands between 1130 and
1040 cm−1 are assigned to νa(O−P−O), νs(O−P−O), and
ν(C−O−P) stretches, mixed in with modes belonging to
DMCP-derived products.8,9 These bands, together with the
appearance of phosphate species with exposure, confirm the
adsorption and decomposition of DMCP on KSiNb. Upon
DMCP exposure, the decrease of the broad peak intensity at
∼3400 cm−1 observed in the ν(O−H) stretching region in
pristine KSiNb suggests the loss of bonded water (Figure S5),
as supported by a decrease in the band intensity during thermal
treatment. The perturbation of water molecules suggests the
hydrolysis of DMCP by KSiNb, which is consistent with the

Figure 1. (a) Schematic of the KSiNb structure including the potassium counterions. The dashed lines shown for the K−O bonds are present
where any K−O bond is less than 3.5 Å. Reproduced from ref 21. Copyright 2016 Wiley-VCH. (b) Fragment of the ball−stick KSiNb structure
that shows terminal (Ot, orange), bridging (Ob, red), and central (Oc, purple) O atoms in polyniobates.

Figure 2. Difference DRIFTS spectra of (top) GB adsorption and
hydrolysis on KSiNb, (middle) DMCP adsorption and hydrolysis on
KSiNb, and (bottom) gas-phase DMCP. The top and bottom curves
are from ref 30. Copyright 2012 American Chemical Society.
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mechanism proposed for the hydrolysis of DMMP by
K12[Ti2O2][GeNb12O40]·19H2O (KGeNb) and KSiNb.21 In
order to evaluate the quality of DMCP as a simulant for GB, a
direct comparison of the spectra of DMCP- and GB-treated
KSiNb is shown in Figure 2. Similar effects were observed
when KSiNb was exposed to GB, namely, the appearance of
ν(PO) and ν(O−P−O) stretches, suggesting a strong
similarity in the surface chemistry of DMCP and GB.
Therefore, DMCP is a reasonable simulant for GB deactivation
studies in battlefield-relevant conditions.
To investigate the active sites in the reaction of KSiNb with

DMCP and to understand the reaction mechanism, character-
ization techniques that are sensitive to changes of the local
environment of KSiNb, and, especially, metal−oxygen bonds,
before and after DMCP exposure are needed. For this purpose,
we conducted XAFS and Raman spectroscopy experiments.
XAFS experiments were performed at National Synchrotron
Light Source II (NSLS-II) at BNL. Ti K-edge and Nb K-edge
measurements were conducted on beamlines 8-ID (ISS) and 7-
BM (QAS), respectively. The behavior of the Ti K-edge X-ray
absorption near-edge structure (XANES) spectra of KSiNb
before and after DMCP exposure (Figure S6) suggests that the
interaction of KSiNb with DMCP keeps the TiO6 linkage
intact, indicating the stability of the molecular and polymeric
structures. The Fourier transform magnitude of the Nb K-edge
extended X-ray absorption fine structure (EXAFS) spectra in
KSiNb decreases upon DMCP exposure, suggesting an
increase in disordering of the Nb−O bonds and/or a decrease
in the Nb coordination number.
To understand the detailed structural changes of the Nb

environment, quantitative EXAFS analysis was performed.
Because of the complexity of the KSiNb structure (Figure 1),
the histogram of Nb bond types and a bond length distribution
from 1.5 to 4.0 Å was calculated from the known crystal
structure12,21 and is plotted in Figure S7. As the histogram
shows, the nearest-neighbor coordination shells of Nb−O
cannot be described by one effective shell. Instead, we divided
them into three effective shells [Nb−O1, Nb−O2, and Nb−
O3, representing terminal (Ot), bridging (Ob), and central
(Oc) O atoms in polyniobates] and assigned to each of them
the coordination number calculated from the bond distribution
histogram (Figure S7 and Table S1). Nb K-edge EXAFS data
and theoretical fits are shown in Figure S8. The best-fit results
for the structural parameters are shown in Table 1 and Table
S1. All of the defined Nb−O bonds were used for calculating
the fluctuations. Therefore, the averaged quantities reported in
Table 1 include contributions from the entire complex (Tables
S2−S4). The results for pristine KSiNb are consistent with the
information available from the crystal structure data.23 The
main finding from quantitative EXAFS analysis is that the
shortest bonds between the Nb and O atoms (labeled Ot in
Figure 1 and Table 1) respond to the strongest during the
interaction with DMCP by a significant increase in bond-
length disorder. Compared to the Nb−Ot pairs, the mean-
squared disorder in the Nb−O distances for the Nb−Ob pairs
vary by much smaller relative amounts (Table 1) after DMCP
exposure. The observed strong response to DMCP in the Nb−
Oc distance fluctuations is a second-order effect arising from a
strong correlation with the conjugate Nb−Ot bond interacting
with DMCP.
In summary, the XAFS results demonstrate the stability of

the polymeric structure in KSiNb and that the Ot atoms of
polyniobates are most responsive when interacting with

DMCP. In addition, the feature assigned to Nb−Ot in
Raman spectra19 of DMCP-exposed KSiNb (Figure 3b)
blueshifts from this mode in pristine KSiNb, which is also
observed in the calculated Raman spectra of chemisorbed
DMCP on KSiNb (Figure 3c). These findings support the
XAFS results and lead us to hypothesize that Nb−Ot are active
sites for DMCP decomposition.
In order to explain these findings, we conducted

corresponding simulations to uncover the details of the
reaction mechanism and the nature of the structural response
within KSiNb during reactions with DMCP. The specific
questions of interest are as follows: Can we distinguish
between the effects of physisorbed DMCP and the
decomposition products on KSiNb? What are the static
(configurational) and dynamic contributions to the exper-
imentally measured bond-length disorder, and what are their
relative changes upon DMCP adsorption and decomposition?
Finally, what roles do the countercations have on these
phenomena and the structures and reactivity of KSiNb and
related POMs in general?
Following an exhaustive structural analysis, the DFT

calculations revealed two types of KSiNb−DMCP interactions,
a weaker bound physisorbed complex, labeled KSiNb−
DMCPp (Figure 4, top), and a much stronger bound
chemisorbed complex, labeled KSiNb−DMCPc (Figure 4,
bottom). The KSiNb−DMCP electronic and free energy (at
298 K) interactions for KSiNb−DMCPp are ΔE = −18.5 kcal/
mol and ΔG = −5.7 kcal/mol, respectively, relative to the
KSiNb + DMCP dissociation limit. In KSiNb−DMCPp, we
identified four hydrogen bonds involving two Ob and two Ot

sites and one O−K+ interaction (with a 2.9 Å O−K+ distance).
The calculations show that the KSiNb−DMCPc complex
formation involves P−Cl bond cleavage, P−Ot bond
formation, full rupture of the Nb−Ot bond (from 1.77 Å in
pristine KSiNb to 2.12 Å in the chemisorbed complex), and a
strengthening and decreasing of a Nb−Oc bond (from 2.43 to
2.08 Å). Interestingly, the product Cl− ion drifts away from P
and coordinates with a few available K+ sites. In other words,
the reaction may be loosely characterized as an interaction of
Ot in KSiNb with a DMP+ unit that, nonetheless, is mitigated

Table 1. Mean-Squared Bond-Length Disorder Values, σ2

(Å2), Obtained from the Fits of the Experimental EXAFS
Data (Uncertainties in the Last Significant Digits Are Shown
in Parentheses) and Calculated for KSiNb in a Framework
of a Quantum Harmonic Oscillator Model at 298 K, Using
the Normal Modes at the Corresponding Global Minima at
the wB97XD/6-31G(d,p)+LANL2DZ Level of Theorya

system
experiment/

theory Nb−Ot Nb−Ob Nb−Oc

KSiNb
(pristine)

experiment 0.0047(10) 0.0102(7) 0.0102(7)

KSiNb-
DMCP

experiment 0.0096(20) 0.0148(10) 0.0148(10)

KSiNb
(pristine)

theory 0.0016 0.0097 0.0103

KSiNb−
DMCP
physisorbed

theory 0.0016 0.0097 0.0102

KSiNb−
DMCP
chemisorbed

theory 0.0067 0.099 0.0167

aThe disorder values were calculated for Nb−O pairs corresponding
to the terminal (Ot), bridging (Ob), and central (Oc) atoms.
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to some extent by an incoming H2O molecule reminiscent of
an SN2 reaction. The calculated electronic and Gibbs free
energies of the reaction KSiNb + DMCP → KSiNb−DMCPc
are −79.7 and −67.2 kcal/mol, respectively. Thus, the
formation of KSiNb−DMCPc upon the interaction of KSiNb
with gaseous DMCP is strongly exergonic.
To estimate the role of the presence of water molecules, the

interaction of KSiNb with a single water molecule was studied.
We found that KSiNb−H2O (Figure S9 and Table S5) was
stable relative to the KSiNb + H2O dissociation limit by ΔE/
ΔG(298 K) = −18.3/−7.6 kcal/mol. We note that an increase
in the temperature to 350 K decreased the thermal stability of
KSiNb−H2O to ΔG(350 K) = −6.0 kcal/mol, supporting the

argument of a partial loss of water upon thermal treatment, a
finding that is fully consistent with the well-established general
behavior of hydrated POMs and metal oxide nanoparticles.
The calculations of bond variance (see Table 1 and the

Supporting Information for calculation details) reproduce the
experimentally observed trends and provide answers on the
identified dramatic reduction in the XAFS intensity (Figure
3a) for the DMCP-exposed KSiNb. Also DFT calculations of
KSiNb−DMCPc qualitatively reproduce the Raman results: As
seen in Figure 3b,c, a blue shift of the 950 cm−1 peak is clearly
visible in the chemisorbed spectrum. This finding enables us to
conclude that the Raman data reflects the chemisorbed
complex KSiNb−DMCPc. Analysis of the vibrational dynamics
confirms that the broad peak at 950 cm−1 is a cluster of Nb−Ot

stretching modes. In the chemisorbed species, the Nb−Ot

stretch shifts away to the red by almost 400 cm−1, while
inspection of the force constants (FCs) in the 920−970 cm−1

range, i.e., that corresponding to the true Nb−Ot stretch,
shows that the average FC increases from 0.40 hartree/bohr2

in KSiNb to 0.48 hartree/bohr2 in KSiNb−DMCPc. Thus, the
blue shift seen in Figure 3b,c is a direct result of the increased
FC of the remaining “free” Nb−Ot bonds. We speculate that
this increase in the Nb−Ot FC is due to electron density
reorganization following the removal of one, or more Ot atoms
by DMCP, depending on the number of interacting nerve
agent molecules.
Significantly, the collective data (XAFS data, Raman shifts,

and their theoretical modeling results) clearly indicate that the
most negatively charged O atoms, those bridging the Ti(IV)
centers, are not interacting with DMCP because they are
preferentially bound to the more positive K countercations.
While the P(V) center of nerve agents and the DMCP
simulant are quite electrophilic, they are not as electrophilic as
an actual cation, K+. This neutralization of the O atoms in
KSiNb, very likely other PONTs and quite possibly all POMs
in nucleophilic or general base reactions, by their counter-
cations tracks with the intrinsic basicity of the particular type of
O atom. Specifically, the Ob atoms in the Ti(IV)−O−Ti(IV)
and Ti(IV)−O−Nb(V) linkages are the most basic, most
neutralized, and most sterically blocked from docking and
reacting with electrophiles, e.g., DMCP in this study, by their
countercations. The next most basic and thus neutralized and
sterically blocked by the countercations are the Ob atoms of
the Nb(V)−O−Nb(V) linkages. The least cation-neutralized
are the Ot atoms, Nb(V)−Ot, and it is these that show the
most reactivity in the present multimodal study.

Figure 3. (a) Fourier transform magnitude of k2-weighted Nb K-edge EXAFS spectra for pristine and DMCP-treated KSiNb. (b) Experimental and
(c) calculated Raman spectra in the Nb−Ot region. Physisorbed and chemisorbed KSiNb−DMCP complexes are indicated by subscripts p and c,
respectively.

Figure 4. Top: Ball-and-stick representation of simulated physisorbed
DMCP on KSiNb. The H−O distances marked by dashed bonds are
2.3, 2.4, 2.9, and 2.6 Å, respectively. The O−K distance is 2.9 Å. Color
code: K, purple; O, red; Nb, cyan; Si, dark cyan; Ti, light gray; P,
orange; Cl, green; C, gray; H, smaller light-gray balls. Bottom: Ball-
and-stick representation of simulated chemisorbed DMCP on KSiNb.
P−Ot = 1.54 Å, Nb−Ot = 2.12 Å, Nb−Oc = 2.08 Å, and Cl−K = 3.1
Å. Color code: K, purple; O, red; Nb, cyan; Si, dark cyan; Ti, light
gray; P, orange; Cl, green; C, gray; H, smaller light-gray balls.
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3. CONCLUSIONS

Through the use of advanced synchrotron and other
spectroscopic techniques, X-ray crystallography, and computa-
tional methods, we revealed a specific role of the counterions
in the reactivity of metal oxide-like materials (or PONTs) for
the hydrolytic decomposition of OP compounds such as
CWAs by the O atoms in these structures. We also
demonstrated atomic-level details of the binding of a Sarin
simulant, DMCP, to a polyoxoniobate material. This study
showed that the sites of reactivity are not the most negative
and thus traditionally most nucleophilic O atoms but rather
the least negative ones because the countercations preferen-
tially associate with, charge neutralize, and sterically block the
more reactive ones. This work defines one clear future
direction: more effective polyniobates and likely other basic
POMs for hydrolysis of nerve agents should be possible by
using counterions that are larger and associate less strongly
than alkali metals, such as K+ used in this study, with the most
negative polyniobate O atoms. Quaternary ammonium ions are
one evident class of such counterions.
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