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A-234 (ethyl N-[1-(diethylamino)ethylidene]phosphoramidofluoridate) is one of the highly toxic Novichok
nerve agents, and its efficient degradation is of significant importance. The possible degradation
mechanisms of A-234 by H,O, H,O,, NHs, and their combinations have been extensively investigated by
using density functional theory (DFT) calculations. According to the initial intermolecular interaction and
the proton transfer patterns between the detergent and the substrate A-234, the A-234 degradation
reaction is classified into three categories, denoted as A, B, and C. In modes A and B, the degradation of
A-234 by H,0,, H,O, and NHs is initiated by the nucleophilic attack of the O or N atom of the
detergent on the P atom of A-234, coupled with the proton transfer from the detergent to the O or N
atom of A-234, whereas in mode C, the direct interaction of H,N-H with the F-P bond of A-234
triggers ammonolysis through a one-step mechanism with the formation of H-F and N—P bonds. Perhy-
drolysis and hydrolysis of A-234 can be remarkably promoted by introducing the auxiliary NHs, and the
timely formed hydrogen bond network among detergent, auxiliary, and substrate molecules is
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1. Introduction

A-series nerve agents (NAs), also known as Novichok agents,
represent a subclass of extremely poisonous organophosphorus
compounds, structurally resembling the well-known G-series
and V-series nerve agents.'™ Notable for their potency, these
NAs have attracted widespread international attention, particularly
due to their involvement in high-profile incidents in 2018.> Similar
to the G-series and V-series NAs, A-series NAs exert the poisoning
effect by inhibiting the activity of acetylcholinesterase (AchE), the
enzyme responsible for breaking down acetylcholine. As a result,
the accumulation of acetylcholine in synapses occurs, impairing
the physiological function of living organisms.® The prolonged
presence of NAs in the environment raises apprehensions about
long-term consequences, and a comprehensive understanding of
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responsible for the enhancement of degradation efficiency.

their degradation mechanisms is highly required to develop rapid,
convenient and efficient degradation strategies.

Great efforts have been made to decontaminate NAs effec-
tively, both experimentally and theoretically.”>” Metal-organic
frameworks (MOFs), leveraging their catalytic properties, have
demonstrated that they can facilitate the degradation of NAs.”™*3
Additionally, various metal oxides, such as MgO, Al,O3, TiO,,
Cu,0, CuO, and ZnO, have considerable potential for adsorbing
and decomposing NAs.'*>' The biodegradation of NAs by
enzymes under mild conditions, such as phosphotriesterase
(PTE) successfully used in degrading organophosphorus pesti-
cides, has also received considerable interest.*>™>”

In addition, active detergents were used for detoxification of
NAs in the past few decades. For example, hydrogen peroxide
(H,0,), recognized for its noncorrosive and nonhazardous
nature, has shown environmentally friendly behavior in degra-
dation of organophosphorus NAs.>*** H,0, in combination
with appropriate activators (i.e., bicarbonate, citrate, and
molybdate) may decontaminate nerve agents VX (O-ethyl S-[2-
(diisopropylamino)ethylmethylphosphonothioate) and GD
(pinacolyl methylphosphonofluoridate) through perhydrolysis,
resulting in the formation of their non-toxic phosphonates.*®
The microporous activated carbons may adsorb these chemical
warfare agents, and the adsorbed nerve agents VX, sarin (O-
isopropyl methylphosphonofluoridate), and HD (bis(2-
chloroethyl)sulfide) can be efficiently decomposed by using
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A-234
Fig. 1 The molecular structure of A-234.

the hydrogen peroxide solution under ambient conditions,
which provides a potentially environmentally friendly approach
for the detoxification of adsorbed NAs.*>

NAs are highly toxic organophosphates (OPs) and they can
be degraded through hydrolysis, and H,O as a green detergent
might be used for decontamination of NAs. However, previous
studies showed that the nerve agent did not react with H,0, and
the hydrolysis of VX depends on the pH and temperature.*® In
particular, the hydrolytic product of VX from the P-O bond
cleavage is almost as toxic as VX in neutral to weakly basic
solutions and further detoxification treatment is urgently
required. Theoretically, Ramasami and co-workers studied the
hydrolysis mechanisms of A-234 using DFT calculations, and
the hydrolysis at the acetamidine center is predicted to be more
favorable thermodynamically than that at the phosphinate center,
leading to the hydrolysis product with the presence of the P-F
bond.*” Alternatively, ammonolysis is another potential strategy to
degrade NAs.*® Das and co-workers investigated the ammonolysis
mechanisms of a nerve agent simulant, O,S-dimethyl methylpho-
sphonothiolate (DMPT), using DFT calculations and molecular
dynamics simulations, the stepwise degradation pathway is pre-
dicted to be more favorable than the concerted one, and NH; as
the catalyst can effectively reduce the activation energy of the
stepwise reaction.>® Besides, Mandal compared the decontamination
of nerve agent tabun ([dimethylamino(ethoxy)phosphoryl]formo-
nitrile) by using NH; and H,O, based on DFT and MP2
calculations, and the former is a more efficient degradation
reagent.*®

Despite such considerable efforts to deal with the G- and V-
series NAs, the knowledge of Novichok agents is still quite limited
even now.'>”*! The existing literature data of A-series NAs
primarily focus on their structural and spectroscopic properties
from theoretical calculations and mass spectrometric studies.*>™*>
Note that the perhydrolysis mechanism of A-series NAs by H,0,
and the ammonolysis mechanism of A-series NAs by NH; are still
not well-understood to the best of our knowledge. Herein, the
degradation of Novichok agent A-234, one of the A-series NAs as
shown in Fig. 1, has been explored by extensive DFT calculations,
and the differences in the degradation mechanism and efficiency
by H,0, H,0,, and NH; were discussed. Furthermore, the detox-
ification performances of different detergent combinations (such
as H,0,/H,0, H,0,/NH;, H,O/H,0, and H,0/NH;, where the
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former serves as the nucleophile and the latter serves as a proton
donor in these combinations) toward A-234 have been compared.

2. Computational details

All calculations were carried out using the Gaussian 16 program.*®
Geometric optimizations were performed at the M06-2X"/
6-311++G(d,p)** level of theory. The vibrational analysis at the
same level was used to confirm the optimized local minima
without an imaginary frequency and the transition-state struc-
tures with only one imaginary frequency. Furthermore, all transi-
tion states were confirmed to connect corresponding reactants
and products by the intrinsic reaction coordinate (IRC)
calculations.”® Single-point energy calculations with the implicit
solvation model based on density (SMD)** for the solvent water
were carried out at the M06-2X/6-311++G(d,p)/SMD level of theory.
Different DFT functionals (e.g., M06-2X-D3,>> B3LYP,>® PBEO,””
MN15,%® and ©®B97X-D*°) and basis sets (e.g, 6-311++G(2d,2p)** >
and def2-TZVP®’) were considered, but no qualitatively different
results were found (see Tables S1 and S2 in the ESIf). Unless
otherwise stated, here all the thermochemical properties were
discussed based on the predicted results at the MO06-2X/6-
311++G(d,p)/SMD//M06-2X/6-311++G(d,p) level of theory under
the standard conditions (298.15 K and 1 atm). Fig. S1-S3 (ESIt)
show the predicted relative free energy profiles for the degradation
of A-234 by H,0,, H,O, and NH;, based on the gas-phase
optimized structures and vibrational frequencies combined with
the single-point energy calculation including the solvent effect,
showing good agreement with those obtained through M06-2X/6-
311++G(d,p)/SMD geometry optimizations and vibrational fre-
quency analyses, and similarly, their corresponding equilibrium
geometries of the species involved in the reaction are of good
consistency. All the geometric structures are visualized by using
CYLview.!

3. Results and discussion
3.1 A-234 degradation using different detergents

The degradation mechanism of A-234 by H,0,, H,0, and NH;
was examined first. At the initial stage of the reaction, the
nucleophilic attack of O atoms for H,O and H,0, or the N atom
for NH; on the P center of A-234 was considered. During this

O = O (for H,O, and H,0); and N (for NH3)
R' = N(Et),, R? = OEt

H
d\o /O o o) O\
\Ll H\ \|Fl L|/ /H
NAF NLF NAE
/| R? /| R? I Rr?
Me(R"C Me(R")C Me(R")C
Mode A Mode B Mode C

Scheme 1 Plausible modes for the nucleophilic attack of H,O,, H,O, and
NHz on A-234.
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Fig. 2 Predicted relative free energy profiles (AG in kcal mol™) and electronic energies (AE in parentheses) of the species involved in the perhydrolysis of
A-234 by H,0,. The main transition state structures and the selected key bond lengths (in A) are given.

process, protons from the detergents may be transferred to
different atomic sites in A-234, resulting in various degradation
products. Accordingly, we categorize the degradation process
triggered by the nucleophilic attack of the detergent on A-234
into three reaction modes A, B, and C (see Scheme 1), where
protons were transferred to the O, N, and F atoms of A-234,
respectively.

3.1.1 A-234 perhydrolysis by H,0,. The perhydrolysis
mechanism of A-234 by H,0, is depicted in Fig. 2. Notably,
the three nucleophilic attack modes of H,0, on A-234 initiate
different reaction pathways, and the predicted relative energies
of the stationary points along the reaction pathway are refer-
enced to A-234 and H,O0,.

The perhydrolysis of A-234 by H,O, through path A begins
with the formation of the molecular complex *IM1, where the
HOO-H"---O=P hydrogen bond interaction stabilizes IM1.
The nucleophilic attack of the O atom in H,0, on the P atom
of A-234, coupled with the proton transfer (H') from H,0, to
the O atom of A-234, leads to a metastable intermediate AIM2
through the transition state *TS1 with a free energy barrier of
28.4 keal mol ™. Subsequently, *IM2 evolves into *IM3 through
rotation of the P-OH' moiety with a low free energy barrier of
5.0 kcal mol ™, in which H' and F atoms are in the same side of
P-O. Followed by the coupling of H' and F atoms in *IM3 and
the release of HF, the degradation product P1 is formed
through a four-membered ring transition state *TS3 with a free
energy barrier of 10.4 kcal mol*. The degradation path A is an
endergonic process with a Gibbs free energy of the reaction AG
of 6.1 kcal mol™".

Similar to the path A above, here path B also initiates from a
molecular complex ®IM1, where the HOO-H'---N-(A-234)
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hydrogen bond interaction is involved in ®IM1, differing from
AIM1. Afterwards, the H' is transferred to the N atom coupled
with the nucleophilic attack of the O atom of H,0, on the
P center of A-234 yielding a metastable PIM2 through a four-
membered ring transition state PTS1 with a free energy
barrier of 26.2 kcal mol . The cleavage of the P-N bond in
BIM2, coupled with the release of Me(R')C=NH, produces
an intermediate "IM3 via ®TS2 with a free energy barrier of
12.4 kecal mol ™. Note that ®IM3 may be toxic owing to the
presence of P-F, and thus it needs to be further detoxicated
by an additional H,O, molecule. However, the cleavage of the
P-F bond in IM3 experiences a substantially high free energy
barrier of 55.7 kcal mol ™', suggesting that "IM3 could be the
end-product of path B. Path B from A-234 to PIM3 is also a
thermodynamically endergonic process with a Gibbs free
energy of the reaction AG of 13.4 keal mol~". Although both
paths A and B may compete with each other at the initial stage,
overall, path A is more favorable for the perhydrolysis of A-234
by H,0,, both kinetically and thermodynamically, compared to
path B.

The path C for the perhydrolysis of A-234 by H,O, involves
the four-membered ring transition state °TS1, where the H' of
H,0, is transferred to the F site coupled with the nucleophilic
attack of the O atom of H,0, on the P atom of A-234, with a
substantially high free energy barrier of 53.4 kcal mol~". There-
fore, such a direct activation mode of the P-F bond is con-
sidered unfavorable. Clearly, path A is inevitably responsible for
the perhydrolysis of A-234 during its degradation by H,0,.

3.1.2  A-234 hydrolysis by H,O. The hydrolysis of A-234 by
H,0 has been further investigated, and the degradation follows
the mechanism similar to that by H,0,, as shown in Fig. 3.

This journal is © the Owner Societies 2024
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Fig. 3 Predicted relative free energy profiles (AG in kcal mol™) and electronic energies (AE in parentheses) of the species involved in the hydrolysis
of A-234 by H,O. The main transition state structures and the selected key bond lengths (in A) are given.

Similarly, the three nucleophilic attack modes of H,O on A-234
induced three different reaction pathways, and the predicted

relative energies of the species involved in the reaction pathway

are referenced to A-234 and H,0.
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Fig. 4 Predicted relative free energy profiles (AG in kcal mol™) and electronic energies (AE in parentheses) of the species involved in the ammonolysis
of A-234 by NH3, where for paths A and B, only the key transition states are shown in red and blue, respectively. The main transition state structures and
the selected key bond lengths (in A) are given.
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In path A, the hydrolysis of A-234 by H,O starts from the
generation of a molecular complex *IM1 derived from a hydro-
gen bond interaction between the H' atom of H,O and the
P=0 moiety of A-234. Then, the proton H" shifts to the O atom
of the P—0 moiety, coupled with the nucleophilic attack of the
newly generated HO™ on the P atom, leading to a metastable
intermediate “IM2 via “TS1 with a free energy barrier of
35.2 kecal mol™". Afterwards, the rotation of the -P-OH' bond
in “IM2 leads to the formation of “IM3 through *TS2 with a low
free energy barrier of 5.8 kcal mol~'. This isomerization pro-
cess reduces the distance between H' and F atoms and boosts
the elimination of the F atom in the form of HF. Followed
by the formation of the H'F molecule through a four-
membered ring transition state *TS3 with a free energy barrier
of 4.8 kcal mol ', the degradation product P3 is obtained. The
path A for the A-234 hydrolysis by H,O has a Gibbs free energy
of the reaction AG of 3.8 kcal mol .

In path B, the molecular complex PIM1 with H,O with A-234
is formed first through the HO-H: - -N-(A-234) hydrogen bond
interaction. Subsequently, the nucleophilic attack of the O
atom of H,O on the P atom, coupled with the proton H' shift
to the N atom, yields a metastable intermediate "IM2 through
®TS1 with a free energy barrier of 33.5 kcal mol . Note that the
P-N bond in PIM2 is remarkably stretched and weakened.
With the leaving of the Me(R")C—NH species, an intermediate
®IM3 is formed through ®TS2 with a free energy barrier of

View Article Online
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5.6 kcal mol™". The hydrolytic breakage of the P-F bond in
M3 by additional H,O, coupled with the release of HF,
generates the degraded product P4 through the four-
membered transition state ®TS3 with a relatively high free
energy barrier of 45.0 kcal mol ™. Similar to the perhydrolysis
of A-234 in Fig. 2, the hydrolysis of A-234 through path B is also
an unfavorable process, both kinetically and thermodynami-
cally, compared to path A.

In the hydrolysis path C of A-234 by H,0O, H,0 approaches A-
234 from the direction of the P-F bond first. The subsequent
degradation experiences °TS1 with a substantially high free
energy barrier of 48.8 kcal mol ', and the proton H' transfer
from H,O to the F atom site of A-234, along with the nucleo-
philic attack of the O atom of H,O on the P atom of A-234, is
involved in the hydrolysis process. Clearly, both paths B and C
are less possible for the A-234 hydrolysis.

3.1.3 A-234 ammonolysis by NH;. As shown in Fig. 4,
the ammonolysis mechanisms of A-234 by NH; have been
investigated, and the calculated results indicate that the free
energy barrier values for paths A, B, and C are 40.1, 42.4, and
29.8 kecal mol ™", respectively. Therefore, path C is the most
favorable ammonolysis mechanism energetically, differing
from the perhydrolysis and hydrolysis of A-234.

Here, the path preference for A-234 degradation by NH; can
be ascribed to the relatively stronger electron-donating ability
of NH; as a weak proton donor than that of H,O, or H,O,
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Fig. 5 Predicted relative free energy profiles (AG in kcal mol™) and electronic energies (AE in parentheses) of the species involved in the perhydrolysis of
A-234 by H,0,/NH3 and H,0,/H,O. The main transition state structures and the selected key bond lengths (in A) are given.
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resulting in that the nucleophilic attack of NH; on the P center
of A-234 (path C) is favored. Such superiority of path C is also
supported by further IRC analyses related to the key transition
states (*TS1, ®TS1, and °TS1) in the perhydrolysis and ammo-
nolysis of A-234. For *TS1 and ®TS1 in paths A and B, their
energy demands are mainly caused by the proton transfer
process from the detergents (H,O, and NH;) to A-234, suggesting
that both paths A and B are dominated by the proton transfer
step (see Fig. S4a and b and d and e in the ESIt). However, for
°TS1 in path C (Fig. S4c and f, ESIt), its energy requirement
primarily arises from the cleavage of the P-F bond, along with
the proton transfer from the detergent to the F atom of A-234,
which can be facilitated by the nucleophilic attack of NH; on the
P center of A-234. Overall, the relatively strong proton-donating
ability of H,0, (or H,0), than that of NH;, may facilitate the
perhydrolysis (or hydrolysis) of A-234 through paths A and B,
while the ammonolysis of A-234 by NH; primarily proceeds via
path C owing to the stronger nucleophilicity of NH; than those of
H,0, and H,O0.

Overall, the perhydrolysis and hydrolysis of A-234 generally
follow path A with relatively low free energy spans and thermo-
dynamically comparative advantages, although path B is com-
petitive at the initial stage of the A-234 degradation. However,
the ammonolysis of A-234 is dominated by path C. Notably, the
direct degradation of A-234 respectively by using H,0,, H,O, or
NH; experiences relatively high free energy barriers, and thus

HO. HO HO.( Y o)
E\HZ I Tz ] ~T2 $ >H .
oo ‘ 1L} _H
o | 6 il
HO.. O NG O
N P P P
N \F % ‘\F NS ‘\ Y ‘\F
/I RrR? R? /I Rr?
Me(R)C Me(R")C e(R')C Me(R")C
4Im1 4im2 4182 M3

AG
(AE)

kcal/mol

T H2.
| |
o | I J
10 HO.._ HO_
P P P P
AF NEF NSTAS NSLE
R? /I R? /| RrR? R?
Me(R")C Me(R")C Me(R")C Me(R")C
3Im1 3ImM2 3182 M3

View Article Online

PCCP

its efficient degradation requires harsh reaction conditions and
the optimal combination of detergents or catalysts.

3.2 A-234 degradation by different combinations of
detergents

It was found that the mixture of H,0, vapor with NH; gas could
degrade the nerve agent VX on solid surfaces at ambient
temperature, indicating that the notable combination effect
of H,0, with NH; toward the decontamination of VX.®* Spec-
ulatively, the hydrogen bonding networks formed by the deter-
gents themselves or with solvent molecules exist in the
admixture, which may play a crucial role in promoting the
degradation of NAs. Therefore, further computational efforts
are made to elucidate the combination effects of different
detergents (e.g., H,O0,/H,0, H,0,/NH;3;, H,O/H,0, and H,O/
NH3;) on the degradation efficiency of A-234. In these combina-
tions, the former serves as the nucleophilic reagent and the
latter as an auxiliary agent to donate the proton.

The predicted degradation mechanisms and relative energies
of A-234 by detergent combinations of H,0,/NH; and H,0,/H,0
are shown in Fig. 5. The degradation of A-234 by H,0,/NH;
through path A commences with the formation of the molecular
complex 'IM1, where a novel hydrogen bond network is involved
in "IM1. The hydrogen bond interaction plays a crucial role in
facilitating the subsequent proton transfer. The proton transfers
from H,0, to the N atom of NH; (H') and simultaneously from
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03%-H" 1.198
0%-H% 1.225
01—ﬂ2: 1.176

3181
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3183 P3

Fig. 6 Predicted relative free energy profiles (AG in kcal mol™) and electronic energies (AE in parentheses) of the species involved in the hydrolysis
of A-234 by H,O/NH3 and H,O/H,O. The main transition state structures and the selected key bond lengths (in A) are given.
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NH; to the O atom in the P—=O moiety (H>) mediated by the
hydrogen bond network, coupled with the nucleophilic attack of the
resulting HOO™ anion to the P atom of A-234, lead to the formation
of the metastable “IM2 via a sixmembered ring "TS1 with a free
energy barrier of 17.4 keal mol . 'IM2 evolves into the isoenergetic
isomer 'IM3 through the rotation of the -P-OH” bond with a low
free energy barrier of 3.7 kcal mol ", where the hydrogen bond
network may facilitate the coupling of H' and F atoms. Finally, the
rebound of H? to the NH, moiety to regenerate NH;, coupled with
the formation and release of HF, yields the nontoxic P1 through a
sixmembered ring *TS3 with a free energy barrier of 5.6 kcal mol .
Fig. 2 and 5 show that the free energy barrier of the nucleophilic
attack in the degradation of A-234 remarkably decreases from
31.3 kecal mol ™! by H,0, (or 31.0 kecal mol ' by H,0,/H,0) to
20.5 keal mol ™" by H,0,/NH;. Here, the presence of NH; constitutes
a hydrogen bonding network to mediate the hydrogen transfer,
which enhances the degradation efficiency of H,0O, toward A-234.

The degradation of A-234 by H,0,/H,0 with the H,O as the
auxiliary agent was also investigated, and the corresponding
results are shown in Fig. 5. Note that the degradation of A-234
by H,0,/H,0 takes place on a higher free-energy surface than
that by H,0,/NH;, suggesting that NH; should be a better
auxiliary agent than H,O.

As shown in Fig. 6, the degradation mechanisms of A-234 by
H,0/NH; and H,0/H,0 were investigated. Compared to the

15298 | Phys. Chem. Chem. Phys., 2024, 26, 15292-15300

hydrolysis of A-234 using a single molecule of H,O, the
presence of NH; or additional H,O significantly increases the
degradation efficiency of H,O toward A-234. Particularly, NH,
as the prodegradant is superior to H,O, and the free energy
barrier of the rate-determining step in the degradation of A-234
is remarkably reduced from 38.8 kcal mol " by H,O to 29.1 kcal
mol ™! by H,O/NH;.

In order to gain an insight into the difference in detoxifica-
tion efficiency for H,O, and H,O, as well as the effects of
auxiliary agents NH; and H,O on the degradation of A-234,
IRC analysis has been performed on the key transition states,
including "TS1, >TS1, >TS1 and “TS1. As shown in Fig. 7a and c,
the hydrogen transfers from O* to N (H") and from N to O" (H?)
in both 'TS1 and *TS1 are concerted but not synchronous,
which may be ascribed to different hydrogen bonds O-H-:--N
and N-H- - -O that are involved in the concerted proton transfer
of perhydrolysis and hydrolysis assisted by NH;. The presence
of NH; facilitates the proton transfer and the formation of
strong nucleophiles HOO™ and HO™, thereby promoting the
degradation of A-234 by H,0, and H,O. In contrast, during the
degradation process assisted by H,O, the proton transfers in
>TS1 and *TS1 are concerted and synchronous, owing to the
involvement of same hydrogen-bond networks. Additionally,
the higher basicity of NH;, than that of H,0,% renders it more
receptive to the proton from H,O, or H,O, further facilitating
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the formation of strong nucleophiles and thereby promoting
the degradation process.

Furthermore, regardless of the presence of an auxiliary
agent, the degradation efficiency of H,0, toward A-234 is higher
than that of H,O, which is attributed to the superior proton-
donating capacity of H,0,, than that of H,O, as evidenced by
their respective pK, values (11.6 for H,0, and 14.0 for H,0).%®

4. Conclusions

Here, the plausible degradation mechanisms of A-234 by H,0,,
H,0, NH; and their combinations were investigated by using DFT
calculations. The calculated results revealed that the degradation
of A-234 by H,0, and H,O is triggered by the nucleophilic attack
on the P center of A-234 coupling with the proton transfer to the O
atom of the P—0 moiety via path A, while H,N-H and F-P-(A-234)
tend to interact directly in the ammonolysis of A-234 by NH; via
path C. Both H,O, and NH; have relatively high degradation
efficiency toward A-234 than H,O. More importantly, various
combinations of detergents (nucleophile/auxiliary: H,0,/H,0,
H,0,/NH3;, H,0O/H,0, and H,0/NH;) may remarkably promote
the degradation of A-234, since the hydrogen bond networks
among the detergent, auxiliary, and substrate molecules facilitate
the initial proton transfers and the formation of strong nucleo-
philes. In particular, the perhydrolysis and hydrolysis efficiency of
A-234 by H,0, and H,O can be notably improved with the help of
NH;, suggesting that NH; is a better auxiliary agent than H,0, and
this is attributed to the higher basicity of NH; to promote the
proton transfer than that of H,O. Furthermore, the degradation of
A-234 and the rate-determining step depend on the auxiliary
agent. The present findings provide an in-depth understanding
of the degradation of A-234 using small-molecule detergents,
which is beneficial to the development of effective decontami-
nants toward the detoxification of A-series nerve agents.
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