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A-series nerve agents (Novichok agents) are ultratoxic organophosphorus agents that were listed in
Schedule 1 of the Chemical Weapons Convention in 2019. Their extreme acute toxicity precludes direct
experimental manipulation, and theoretical investigations into their aqueous degradation mechanisms
and safe simulant development are scarce. This study investigated the dominant hydrolysis pathways of
three A-series nerve agents (A230, A232, and A234) under various pH conditions, along with their
corresponding hydrolysis half-lives, using computational methods. The hydrolysis rates of the nerve
agents exhibited a strong pH dependence, with acid- and base-catalyzed hydrolysis resulting in
a characteristic bell-shaped curve of half life versus pH. Computational screening identified N'-
diphenoxyphosphorylethanimidamide (ADPP) and 4-nitrophenyl (E)-N-(1-(diethylamino)ethylidene)-P-

methylphosphonamidate as optimal hydrolysis simulants. The experimental hydrolysis results for ADPP
Received Bth December 2025 trongt d with the theoretical predicti firming the reliability of the methodology. Overall
Accepted 2nd January 2026 strongly agreed wi e theoretical predictions, confirming the reliability of the methodology. Overall,
this study established a predictive framework to determine the dominant hydrolysis pathways and half-

DOI- 10.1039/d5ra094889 lives of amidinofluorophosphonates, enabling the estimation of hydrolysis properties for potential A-
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Introduction

Organophosphorus compounds are used globally as herbicides
and insecticides owing to their high biological toxicity." The
most toxic representatives are classified as nerve agents, and
they have been repeatedly weaponized and used in targeted
assassinations and military operations.> Organophosphorus
nerve agents currently include G-series, V-series, GV-series, and
A-series nerve agents (NAs).>” While the physicochemical and
toxicological profiles of the “classical” G- and V-agents are well-
documented, reliable data on the A-series are fragmented.®” The
first credible disclosure of Novichok structures was made by
Mirzayanov;® however, these agents only gained public aware-
ness after the 2018 Salisbury attack in the United Kingdom.**®
Despite these agents being formally added to Schedule 1 of the
Chemical Weapons Convention in 2019, they have been used in
subsequent assassinations.™*

The current understanding of NAs is limited.” Previous
research has primarily focused on structural elucidation, spec-
troscopic  characteristics, and mass  spectrometric
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series agents based solely on their molecular formulas.

behaviors.**** Collectively, these studies revealed that Novichok
agents are not only more acutely toxic than VX but also more
persistent in the environment. For example, A234 retains
measurable activity on sandy soils and indoor surfaces for
weeks to months, a property that considerably complicates
containment and decontamination.>>°

Water, as a ubiquitous environmental medium and a recog-
nized green solvent, has been used in studies investigating NA
degradation in aqueous phases. The half life of A234 in neutral
aqueous solution is approximately 10-30 days,**** and it can
exist for a long time under mildly acidic or alkaline
conditions.'®**

Beyond purely hydrolytic conditions, catalytic strategies to
accelerate the degradation of A-series nerve agents have been
investigated, including MOF (Metal-Organic Framework)
catalysis,® enzyme catalysis,* skin decontamination lotion
catalysis,”® and acid, alkali, and oxidant catalysis.*®

The extreme toxicity of Novichok agents prohibits direct
experimental handling, underscoring the importance of theo-
retical computational approaches in this field. Otsuka and
Miyaguchi®® investigated the reaction mechanism between NAs
and OH™ using theoretical calculations. Their results indicated
that the dissociation energy barrier for F~ was significantly
lower than that for NR™ in alkaline environments. Imrit et al.>®
analyzed the hydrolysis pathways of A234 using density func-
tional theory (DFT) and reported that hydrolysis at the
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acetamide center was thermodynamically more favorable under
neutral conditions. Shi et al® systematically explored the
mechanisms by which H,0, H,0,, NH;, and their synergistic
systems degrade A234 using DFT calculations. Their results
demonstrated that NH; as an auxiliary nucleophile, signifi-
cantly reduced the overall activation free energy, enabling
nearly complete hydrolysis.

An ideal simulant should accurately replicate all relevant
physicochemical properties of the target substance while
exhibiting negligible acute toxicity. Simulant systems based on
property characterization, physical adsorption, chemical
degradation, and MOF degradation have been established for
“classic” nerve agents, such as the G- and V-series.*** In
contrast, simulants for A-series nerve agents have not yet been
widely investigated. Carvalho-Silva et al.** proposed GND1 as
a simulant to mimic the mass spectrometric characteristics of
A242. Santos et al.*’ introduced NTMGMP as a simulant for
evaluating the efficacy of detoxifying agents against A242. Ber-
nardo et al.*®* suggested 4-nitrophenyl (E)-N-(1-(diethylamino)-
ethylidene)-P-methylphosphonamidatea (ANMP) as a simulant
to assess the effectiveness of detoxifying agents for A230.

For hydrolysis simulants, it is essential to reproduce the
hydrolysis pathways of the original substance and generate
hydrolysis products that are identical or similar to those of the
original substance. Although several studies have focused on
the degradation of NAs in aqueous solutions, systematic
investigations into their pH-dependent hydrolysis mechanisms
are limited. In particular, the degradation mechanisms under
acidic conditions and the development of corresponding
hydrolysis simulants remain largely unexplored. To develop
simulated nerve agents, the fluorine group is often replaced
with a 4-nitrophenol group. For example, previous studies have
used 4-nitrophenol as a leaving group to replace fluorine in NAs,
producing simulants for toxicological evaluation.”** In this
study, the compounds with a fluorine group in A230, A232, and
A234 were replaced with 4-nitrophenol to produce the following
candidate hydrolysis simulants: ANMP, methyl (4-nitrophenyl)
(E)-(1-(diethylamino)-ethylidene)phosphoramidate, and ethyl
(4-nitrophenyl) (E)-(1-(diethylamino)-ethylidene)phosphor-
amidate. These simulants are structurally equivalent to NA and
pesticide paraoxonhybrids and may retain some toxic proper-
ties. Phenol departs less readily than 4-nitrophenol but is
superior to aliphatic alcohols; therefore, phenoxy-based scaf-
folds are also considered candidate hydrolysis simulants for
phenyl (E)-N-(1-(diethylamino)ethylidene)-P-methyl-
phosphonamidate (AMP), methyl phenyl (E)-(1-(diethylamino)-
ethylidene)phosphoramidate, and ethyl phenyl (E)-(1-(di-
ethylamino)-ethylidene)phosphoramidate. A PubChem
substructure search (P(O)N=C(C)N, MW 200-300) identified
ADPP (N'-diphenoxyphosphorylethanimidamide, PubChem
CID 6252564) as a commercially available compound possess-
ing the same P-N=C backbone and accessible toxicological
data, rendering it an ideal candidate for this study (Fig. 1).

In this study, we combined thermodynamic methods and
DFT calculations to investigate three A-series nerve agents
(A230, A232, and A234) and seven potential hydrolysis simulant
compounds. Protonation sites and dissociation constants were
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Fig.1 NAs and simulants.

determined, Gibbs free energy changes were assessed, and
hydrolysis mechanisms, reaction rates, and half-lives were
predicted across a range of pH conditions. Suitable hydrolysis
simulants were also identified through computational
screening, and the reliability of the predictions was experi-
mentally validated using hydrolysis studies of the selected
simulants.

Experimental
Computational methods

Unless otherwise specified, all calculations were performed
using the ORCA 6.0.1 program.’® Molecular structures were
initially pre-optimized at the GFN2-xTB level using the Goat
functionality.*** The 20 lowest-energy conformers were
retained and subjected to further geometry optimization at the
PCM(H,0)/B3LYP*-D3(BJ)**/def2-SVP** level, followed by single-
point energy calculations at the SMD**(H,0)/wB97M-V>*/def2-
TZVPP*' level. The lowest-energy conformation was kept for
subsequent analysis. Diffuse functions (ma-def2-SVP/ma-def2-
TZVPP) were applied under alkaline conditions.** All calcula-
tions were performed using Cartesian coordinates.

For reaction barrier calculations, geometry optimizations
and intrinsic reaction coordinate (IRC) calculations were con-
ducted consistently at the PCM(H,0)/B3LYP-D3(B]J)/def2-SVP
level for all systems to ensure a uniform baseline. Transition
states were confirmed as first-order saddle points (with exactly
one imaginary frequency) and validated by IRC calculations.
Reactants and intermediates were verified as local minima (with
no imaginary frequencies). Single-point energies were calcu-
lated at the SMD(H,O)/wB97M-V/def2-TZVPP level. For the
dominant reaction pathways, additional higher-level single-
point energy calculations were performed at the SMD(H,O)/
DLPNO-CCSD(T)**/def2-TZVPP level, employing the def2-
TZVPP/C auxiliary basis set for electron correlation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The “SlowConv” and “TightSCF” keywords were used to
ensure convergence. All DFT calculations employed the RIJ-
COSX method for acceleration.*® The Coulomb integrals utilized
the “def2/]” auxiliary basis set (or the “AutoAux” automatic
selection under alkaline conditions). All other parameters were
set to ORCA's default values.

For pK, calculations, we followed the high-accuracy
G4(MP2)-XP*”*® protocol for gas-phase free energies. The
solvation free energy was computed using the M05-2X/6-31G(d)
method.

All molecular graphics were generated using Multiwfn>>*
and VMD.**

pK, determination. To assess the dissociation of the
protonated nerve agent (AH') in aqueous solution, AH" = A +
H', the pK, value was determined using eqn (1):°*%

AG,

PR = 2 303RT ®
where R is the universal gas constant, T = 298.15 K, and G;q is
the standard Gibbs free energy change in deprotonation in
aqueous solution, obtained using eqn (2):

o o ° n
AGaq - Gaq(A) + Gaq(H+) - Gaq(AH ) (2)

o

G,q(X) (where X = A, H', or AH") represents the Boltzmann-
weighted average over a set of conformers {C}. In this study, the

10 lowest-energy conformers were included:*>*

G;q(X) = —RT In ( Z eﬂzq_\(x)/RT> (3)

ie{C}

The aqueous-phase Gibbs free energy for each conformer,
G;q.i(X), was computed as the sum of the gas-phase Gibbs free
energy at 1 atm (Ggas (X)), the solvation free energy at a fixed

concentration (G.,;(X)), and the free energy change for

{A}

{H"}[k1{H,0} + k>,{OH"}]
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effectively remains constant due to their significant excess
compared with that of NAs, the reaction follows pseudo-first-
order kinetics. The rate constant K; (i = 1, 2, 3, 4) for each
elementary step was estimated using transition state theory:**%

_ (ksT A Gy
Kl =K (T) €Xp (T) (5)

where « is the transmission coefficient estimated via the
Skodje-Truhlar method,* kg is the Boltzmann constant, T'is the
temperature in Kelvin, £ is the Planck constant, AiGaq is the
Gibbs activation energy in aqueous solution at 298.15 K, and R
is the universal gas constant.

The overall pseudo-first-order rate constant khyd is as
follows:

khya{ Ao} = {AH}[k1{H,0} + k2{OH }] + {A}[k3{H,O} +
k4s{OH}] (6)

where {Aiwi} = {AH'} + {A}is the total substrate concentration.
Here, k; is the acid-catalyzed rate constant (i.e., the reaction of
protonated species AH' with water), k, is the specific base-
catalyzed rate constant (i.e., the reaction of protonated species
AH" with OH"), k; is the neutral hydrolysis rate constant (.e.,
the reaction of A with water), and k, is the base-catalyzed rate
constant (i.e., the reaction of A with OH ™). The concentration of
{AH "}can be expressed by the following formula, where K, is the
acid dissociation equilibrium constant of the protonated
species AH', as determined by eqn (7):

(any = L) )

Substituting eqn (7) into eqn (6) yields:

khyd = ¥
(4} + 1T |

+k;{OH } + k4{H20}]

_ [{H*}[k. {H20} + ko {OH " }] + Ky [k3{H,O} + k4{OH_}]}
N K, +{H"

conversion from the gas-phase standard state (1 atm) to the
solution standard state (1 M; 1.89 kcal mol ). GgidT(X) was
obtained using the high-accuracy G4(MP2)-XP composite
method with ORCA. G, ;(X) was calculated as the difference
between the energy in water (SMD model) and the gas-phase
energy, both of which were evaluated at the M05-2X/6-31G(d)
level after geometry optimization as follows:

Gaq,i(X) = Glatm(x) + G:olv,i(X) + 1.89 (4)

gas,i

Half life calculation. For hydrolysis under fixed pH condi-
tions, where the concentration of water or hydroxide ions

© 2026 The Author(s). Published by the Royal Society of Chemistry

The half life (¢;/,) of the pseudo-first-order reaction can be
calculated as follows:

In2
== 9
2 T 9)

Preparation of ADPP

ADPP was synthesized according to a previously reported
procedure.®” Briefly, solutions of 0.05 M chloroacetamide in 20
mL of water and 0.05 M diphenyl phosphorochloridate in 60 mL
of benzene were prepared. The two solutions were combined
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under an ice bath, followed by the dropwise addition of 20 mL
of a 10% NaOH aqueous solution. The reaction mixture was
stirred in the ice bath for 1 h. Upon completion, the target
product (ADPP) was isolated using standard workup
procedures.

Characterization of ADPP

A stock solution of ADPP (10 mg mL ') was prepared in aceto-
nitrile and stored at —20 °C. Working solutions (1 mg mL ")
were obtained by diluting the stock solution with deionized
water. The pH values were adjusted to 1, 3, 5, 9, 11, and 13 using
the following buffers: 0.1 M HCI (pH 1), 0.1 M acetate (pH 3 and
5), 0.1 M carbonate/bicarbonate (pH 9 and 11), and 0.1 M KOH
(pH 13).

The structure of ADPP was analyzed using high-performance
liquid chromatography (HPLC) according to a previously re-
ported method.™ The mobile phase consisted of water con-
taining 0.1% formic acid (solvent A) and acetonitrile (solvent B).
The gradient elution program was set as follows: 10% B from
0 to 1 min, linearly increasing to 80% B at 6 min, holding for 0.5
min; then decreasing linearly to 10% B at 7 min and main-
taining for 2 min. The flow rate was set at 0.3 mL min~". All
HPLC experiments were performed using an autosampler with
an injection volume of 5 pL.

Results and discussion

Simulants can mimic the specific physicochemical properties of
chemical warfare agents (CWAs) without exerting high toxicity,
and thus, play a critical role in CWA research. The use of sim-
ulants ensures experimental safety while preserving the scien-
tific relevance of the investigations.®®* However, if a simulant is
too similar to an agent, it may become highly toxic itself. Hence,
compounds must be carefully selected based on the research
objectives to achieve “relevant properties with controllable
toxicity.”

Protonation of NAs and simulants

Under low-pH conditions, protonation of the phosphate ester
moiety markedly increases electrophilicity and concurrently
reduces the hydrolytic activation barrier. However, NAs
and simulants have three potential protonation sites (Sq,0-1+
Sz,ni1-u% and Sz no-u; Fig. 1), and protonation at each site has
a distinct effect on the hydrolytic activation barrier and the final
product.

Accurate mapping of the preferred protonation sites and
their associated pK, values is essential for elucidating acid-

Table 1 Dissociation constants of different protonation sites in NAs

Protonated agent Si,0-1 So N1-H" Sz ne-H*
A230-H" —3.46 3.24 —5.68
A232-H" —5.10 1.74 —6.99
A234-H" —5.39 1.89 —6.77
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catalyzed degradation pathways. In this study, three potential
protonation sites were systematically evaluated using the high-
accuracy G4(MP2)-XP composite thermochemical method. The
calculated pK, values are listed in Table 1 and SI Table S1.

Typically, imine groups exhibit weaker basicity than tertiary
amines and are less prone to protonation. However, the pK,
value corresponding to protonation at the imine nitrogen (S,
site) in the NAs is significantly greater than those of the other
protonation sites, which may be attributed to the unique
structure of the amidino group. Similar to guanidine groups,
amidino groups can form conjugated systems with partial
aromaticity, increasing the susceptibility of the imine nitrogen
to protonation. Consequently, all subsequent discussions
regarding protonated species refer to protonation at the S2 site.
Among the NAs, A230 exhibits a substantially higher pK, value
at the S, site than A232 and A234, indicating that A230 is more
readily protonated under acidic conditions. This difference can
be ascribed to the stronger electron-donating capacity of the
methyl group at the meta-position of the amidino moiety in
A230, relative to the methoxy group in A232 and the ethoxy
group in A234.

The pK, values of the simulants protonated at the S, n1-1+
site are summarized in Table 2 and SI Table S2. For simulants
with phenol or 4-nitrophenol as the leaving group, the trend in
PK, values is consistent with that of the corresponding NAs,
though the absolute values are greater. In contrast, the pK,
value of ADPP is closest to that of the actual NAs, suggesting
that its protonation behavior can more accurately replicate their
acid-catalyzed characteristics.

LEAE of NAs and simulants

Nucleophilic reagents can approach the phosphorus atom in
NAs from multiple spatial directions, and the preferred reaction
site dictates the magnitude of the activation barrier. In this
study, Local Electron Attachment Energy (LEAE) analysis was
used to evaluate the nucleophilic reaction sites and their reac-
tivities with the NAs and simulants. A more negative LEAE value
denotes a stronger electrophilic character, as well as greater
susceptibility to nucleophilic attack in the absence of external
factors that hinder it, such as steric hindrance.

The calculated LEAE results for the NAs are presented in
Fig. 2, and those for the simulants are shown in SI Fig. S1. NAs
contain two electrophilic centers: the phosphorus atom and the
carbon atom of the amidine group. Given the poor leaving-
group ability of substituents attached to the amidine carbon
and the absence of reported hydrolysis products initiated at this

Table 2 Dissociation constants of simulants protonated at the S, (N;—
H*) site

Protonated agent Sy N1-H" Protonated agent Sy N1-H"
AMP-H" 4.89 ANMP-H* 4.74
AMOP-H" 2.43 ANMOP-H"* 2.96
AEOP-H* 3.25 ANEOP-H* 3.17
ADPP-H" 2.28

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A234-H

Local electron attachment energy (LEAE) of the NAs-unit: eV.

carbon in existing experimental literature,**** the discussion
focused exclusively on phosphorus nucleophilic substitution.
Regardless of protonation status, the order of electrophilicity
strength among the NAs remained consistent: A230 > A232 >
A234, indicating that A230 is the most susceptible to nucleo-
philic attack. A similar trend was observed for the simulants.
Notably, this electrophilicity order was inverse to the electron-
withdrawing capacities of their side-chain groups (methoxy >
ethoxy > methyl).

For compounds bearing identical side-chain substituents,
the LEAE at the phosphorus atom decreased in the order:
fluorine > 4-nitrophenoxy > phenoxy, which aligns with the
electron-withdrawing abilities of these leaving groups. Methoxy
and ethoxy groups acted as flexible substituents whose terminal
atoms spontaneously adopted energetically favorable confor-
mations due to influences from charge distribution and steric
hindrance, thereby modulating the LEAE values around the
phosphorus atom. In both NAs and simulants, the spatial point
of minimum LEAE near the phosphorus atom is located at the
para-position relative to strong electron-withdrawing groups. In
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“Pon
Path 1 =N %" .  HR,
> ReN
Ry
O\\P/OH
Path 2 = Ry . H-R,
o e > ReN
>:N'P\R1 Rs
Ry—N + H,O —
R R %NH
s Path 3 Oy PN
/"R 3N
—————> Ho Ry
HQ R,
Path 4 0 R
L
RN
Ry
R
0.2
>_‘,P\R 0.0t
=N " ' Path 5 “RP-R,
RN * OH =N R,
Ry RN
Ry

Fig. 3 Hydrolysis pathways of non-protonated NAs and simulants. Ry
=F, p-NO,-PhO, —PhO; R, = Me, OMe, OEt, —-PhO; Rz = Et, H.
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the non-protonated state, this minimum consistently resides at
the para-position of the leaving group, suggesting a greater
propensity for nucleophilic attack at this site. After protonation,
electrophilicity is significantly enhanced, and the minimum
shifts to the para-position of the protonated imine group.

Hydrolysis mechanisms of non-protonated species

The degradation mechanisms of NAs by water and hydroxide
ions were investigated. In the initial reaction stage, five possible
reaction pathways were considered (Fig. 3). Paths 1-4 describe
the nucleophilic attack of a water molecule on the phosphorus
center, accompanied by proton transfer to four different adja-
cent atoms. Path 5 involves direct nucleophilic attack by
a hydroxide ion on the phosphorus atom. In paths 1-4, solvent-
assisted proton transfer significantly reduces the reaction
energy barrier (SI Table S3), a finding consistent with previously
reported results.”” Unless otherwise stated, all subsequent
energy barriers for water-mediated reactions refer to those
involving solvent-assisted proton transfer. Based on the reac-
tion sites identified via LEAE calculations, the Gibbs free energy
barriers for the hydrolysis pathways of non-protonated NAs are
summarized in Table 3.

Among the possible pathways for direct reactions between
NAs and water, Path 4, in which a water molecule attacks the
phosphorus atom from the para-position relative to the fluorine
atom (an Sy2 mechanism) and transfers a proton to the phos-
phoryl oxygen, exhibits a lower Gibbs free energy barrier than
Paths 1-3. Although solvent assistance slightly reduces the
barrier, it remains higher than 36 kecal mol™". In contrast, Path
5, involving nucleophilic attack by hydroxide ions, exhibits
a Gibbs free energy barrier of <18 kcal mol ™, which is signifi-
cantly lower than that of water-mediated pathways. Applying
a threshold of 22.7 kcal mol ™" to determine whether a reaction
readily occurs at room temperature,” it is concluded that
hydrolysis of NAs by water is unlikely under neutral conditions,
whereas reaction with hydroxide ions proceeds rapidly under
alkaline conditions. These computational results align with
previously reported experimental observations.*

The Gibbs free energy barriers for the dominant hydrolysis
pathways (Paths 4 and 5) of non-protonated NAs and their
simulants are summarized in Table 4. The energy barriers for
the simulants are slightly greater than those of the corre-
sponding NAs. Among the simulants, those with a 4-nitro-
phenoxy leaving group present lower energy barriers than those
with a phenoxy leaving group, reflecting the superior leaving
ability of 4-nitrophenolate. The energy barriers calculated using
the DLPNO-CCSD(T) and wB97M-V methods exhibit consistent
trends, with deviations of <10%.

Table 3 Gibbs free energy barriers (kcal mol™) for different reaction
pathways of non-protonated NAs

Agent Path 1 Path 2 Path 3 Path 4 Path 5
A230 52.46 91.73 33.57 36.80 16.42
A232 56.20 47.79 37.03 37.03 17.01
A234 56.08 45.35 37.33 36.82 17.07

RSC Adv, 2026, 16, 2597-2609 | 2601
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Table 4 Gibbs free energy barriers (kcal mol™) for the dominant
hydrolysis pathways of non-protonated NAs and simulants
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Table 5 Gibbs free energy barriers for different reaction pathways of
protonated NAs

Path 4 Path 5
Agent  wB97M-V DLPNO-CCSD(T) wB97M-V DLPNO-CCSD(T)
A230 36.80 40.09 16.42 17.53
A232 37.03 40.50 17.01 18.34
A234 36.82 40.25 17.07 18.39
AMP 39.11 42.75 19.65 20.52
AMOP  52.1 50.06 19.67 20.92
AEOP  42.87 46.25 20.15 21.30
ADPP  37.86 40.74 19.85 20.78
ANMP  35.86 39.38 16.66 17.64
ANMOP  44.41 47.58 18.67 20.33
ANEOP  41.51 45.41 18.44 19.77

Hydrolysis mechanisms of protonated NAs

The high hydrolysis energy barriers of non-protonated NAs do
not explain the experimental observation that NAs degrade
rapidly, even under strongly acidic conditions. In this section,
the degradation mechanisms of protonated NAs (A230-H',
A232-H', and A234-H') by water and hydroxide ions were
investigated. In the initial reaction stage, six possible reaction
pathways were systematically analyzed (Fig. 4). Paths 6-9
involve nucleophilic attack by a water molecule on the phos-
phorus atom of protonated NAs, accompanied by proton
transfer to various adjacent atoms. Water-assisted proton
transfer also reduces the energy barriers in these pathways.
Previous studies have suggested that phosphonates may
undergo pre-equilibrium proton transfer, leading to deproto-
nation of the nucleophile, followed by hydroxide attack on the
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Fig. 4 Hydrolysis pathways of protonated NAs and simulants. R; = F,
p-NO,-PhO, —PhO; R, = Me, OMe, OEt, —PhO; Rs = Et, H.
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Protonated

agent Path6 Path7 Path8 Path9 Path10 Path11
A230-H" 40.35 74.39 38.49 29.00 19.55 11.80
A232-H" 40.73 34.06 42.61 26.20 18.91 9.76
A234-H" 42.68 35.65 43.95 27.15 21.91 9.71

protonated phosphonate.”””> Although ground-state proton
transfer from water to phosphonate is generally associated with
high energy barriers and is thus unlikely, it has been reported
that the dominant pathway for water attack on protonated
hexamethylphosphoramide (HMPA) involves proton transfer
between water molecules, with hydroxide subsequently attack-
ing the protonated HMPA.* Inspired by this mechanism, Path
10, describing water molecules attacking protonated NAs
through proton transfer, was further investigated. Path 11
involves direct nucleophilic attack by a hydroxide ion on the
phosphorus atom of protonated NAs. Based on pK, and LEAE
calculations, the Gibbs free energy barriers for the initial
hydrolysis steps of protonated NAs are summarized in Table 5.

A comparison between Tables 5 and 3 revealed that proton-
ation significantly reduced the energy barrier for reactions
between the NAs and water/hydroxide ions, corroborating the
LEAE results, which indicate that protonation enhances the
electrophilicity of the phosphorus center and promotes nucle-
ophilic attack. Notably, the order of energy barriers for the
dominant pathways of protonated NAs (Paths 9, 10, and 11)
differed from the trend observed for non-protonated species,
where A230 generally presented lower barriers than A232 and
A234. This difference may arise from the interplay of multiple
factors. Under non-protonated conditions, steric effects
predominate, resulting in lower energy barriers for A230 (with
a methyl side chain) than those for A232 and A234 (with longer
side chains). After protonation, the significantly enhanced
electrophilicity amplifies the electron-donating effect of the
methyl group in A230, resulting in higher energy barriers for its
dominant pathways than A232 and A234.

The Gibbs free energy barriers for the dominant hydrolysis
pathways (Paths 9, 10, and 11) of protonated NAs and their
simulants are summarized in Table 6. The energy barriers for
the simulants were slightly greater than those of the corre-
sponding NAs. Among the simulants, those with a 4-nitro-
phenoxy leaving group presented lower energy barriers than
those with a phenoxy leaving group. The protonated form of
ADPP demonstrated energy barriers closer to those of the NAs,
indicating its superior performance as a simulant under acidic
conditions.

Based on the identified dominant hydrolysis pathways for
protonated and non-protonated NAs, possible reaction products
were further explored (Fig. 5).

For nonprotonated NAs, fluorine serves as a relatively good
leaving group with significantly greater leaving ability than
other substituents attached to phosphorus. Thus, the fluorine
departure step has a low energy barrier, and the rate-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Gibbs free energy barriers for the dominant hydrolysis pathways of protonated NAs and simulants

Path 9 Path 10 Path 11
Protonated agent wBI7M-V DLPNO-CCSD(T) wBI7M-V DLPNO-CCSD(T) wBI7M-V DLPNO-CCSD(T)
A230-H* 29.00 32.38 19.55 21.90 11.80 12.95
A232-H" 26.20 30.54 18.91 21.90 9.76 10.83
A234-H' 27.15 31.41 21.91 22.08 9.71 10.84
AMP-H" 33.12 35.59 23.52 25.86 13.44 14.23
AMOP-H' 33.02 36.65 24.41 27.13 12.91 13.81
AEOP-H' 34.01 37.71 27.44 30.94 13.51 14.36
ADPP-H' 26.08 28.97 19.23 21.72 12.41 13.04
ANMP-H" 32.67 35.88 23.03 25.55 12.21 12.84
ANMOP-H' 29.52 33.39 26.05 29.55 13.96 15.17
ANEOP-H' 30.83 34.92 25.99 28.77 12.68 13.68

determining step (RDS) precedes the nucleophilic attack.
Hydroxide ions can undergo Sy2 attack at the para-position
relative to fluorine, with the RDS being the actual nucleophilic
attack. The detachment step when leaving the group has a lower
energy barrier and may even co-occur with the nucleophilic
attack of hydroxide ions. In reactions with water, a direct attack
on the P-F bond is less favorable due to its length and electronic
environment. Instead, the dominant pathway involves an initial
water attack on the phosphoryl oxygen (P=0), followed by the
departure of fluorine.

For protonated NAs, protonation induces deprotonation of
surrounding water molecules, and the resulting hydroxide ions
attack the protonated NAs, forming the same intermediate as in
the direct hydroxide attack. The RDS for both pathways is the
nucleophilic attack on protonated NA. Both the fluorine group
and the protonated amidine moiety are prone to leaving, with

similar energy barriers for decomposition (SI Fig. S2). The
intermediate can decompose via P-F or P-N cleavage, which
may explain the formation of amidine byproducts in NA
hydrolysis experiments under neutral conditions.'*** The
results (SI Fig. S2) showed that the dominant product of
protonated A230 was P-N cleavage, while the dominant product
of protonated A232 and A234 was P-F cleavage.

Predicted reaction rates and half-lives

Building on the dominant pathways identified under different
conditions, the corresponding Gibbs free energy barriers were
corrected for free energy changes and reactant concentrations.
These values were then substituted into the rate constant (eqn
(5)-(8)) to determine the reaction rates. The half-lives were
calculated using eqn (9). The concentration of the NAs was set to
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Fig. 5 Dominant hydrolysis reaction pathways of the NAs, R = Me, OMe, OEt.
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Fig. 6 Predicted half-lives (t;,5) via two computational methods. (a)
wB97M-V/def2-TZVPP; (b) DLPNO-CCSD(T)/def2-TZVPP.

20 mM, a value consistent with those commonly used in the
literature.*® In contrast, the concentration of water was set to
55.6 M. By comparing the reaction rates and half-lives across
various pH conditions, two simulants, ADPP and ANMP, were
identified as most closely replicating the hydrolysis character-
istics of the NAs (SI Fig. S3 and 6).

Calculations at the ©wB97M-V level revealed significant
differences in the half-lives of the NAs under neutral and acidic
conditions, following the order A234 > A232 > A230. Under
alkaline conditions, the differences among the three
compounds diminished. The half life of ADPP under neutral
and acidic conditions was comparable to that of A232, whereas
it exceeded that of all the other NAs under alkaline conditions.
For ANMP, the pH-dependent trend in the half life under acidic
conditions differed from that of the NAs, though its half life
under neutral and alkaline conditions was similar to that of
A230.

DLPNO-CCSD(T) calculations predicted comparable half-
lives for A234 and A232, with the overall order being A234 =
A232 > A230. The half life of ADPP under neutral and acidic
conditions fell between those of A230 and A232, while it was
longer than those of the NAs under alkaline conditions. ANMP
again exhibited a pH-dependent trend inconsistent with that of
the NAs under neutral and acidic conditions, though its half life
under alkaline conditions was similar to that of A230.

2604 | RSC Adv, 2026, 16, 2597-2609
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The energy barriers calculated via DLPNO-CCSD(T) were
generally greater than those calculated via wB97M-V, resulting
in correspondingly longer predicted half-lives. Nevertheless,
both methods produced consistent overall trends in pH-
dependent half life variation. Given the generally higher theo-
retical accuracy of the DLPNO-CCSD(T) method, the reaction
rates and half-lives in this study were predicted based on energy
barriers obtained at this level (Fig. 7).

The potential hydrolysis mechanisms and activation free
energies of the NAs and the simulants ADPP and ANMP in
aqueous solutions were computationally evaluated and
compared. As the pH increased, the hydrogen ion concentration
and proportion of protonated species gradually decreased in the
advantageous reaction pathway Path 10, catalyzed by acid,
causing the reaction rate to first plateau and then decline.
According to eqn (8), the rate of acid-catalyzed hydrolysis
remained approximately constant when the acid dissociation
constant K, of the protonated species was much smaller than
the hydrogen ion concentration. Owing to its relatively high pK,
(4.74), ANMP exhibited a nearly constant acid-catalyzed rate in
the pH range of 1-4. The other NAs and simulants maintained
stable reaction rates only under strongly acidic conditions.

In the base-catalyzed dominant pathway (Path 5), the reac-
tion rate increased gradually with rising pH, driven by the
increasing concentration of hydroxide ions and the growing
proportion of deprotonated species. When the pH increased to
the point where K, >> [H'], indicating the dominance of
deprotonated species, the reaction rate became directly
proportional solely to the hydroxide ion concentration. For the
acid-base catalyzed dominant pathway (Path 11), the reaction
rate was proportional to the concentrations of both hydroxide
ions and the protonated species. When K, < [H'], the rate
increased with rising hydroxide concentration. Conversely,
when K, > [H'], the reaction rate remained constant. The
uncatalyzed hydrolysis pathway (Path 4) exhibited the highest
reaction energy barrier, indicating that its contribution to the
overall hydrolysis rate was negligible across the entire pH range.
Under acidic conditions, the total reaction rate was predomi-
nantly governed by acid-catalyzed pathways.

Under alkaline conditions, base-catalyzed pathways became
the dominant ones. Within the neutral pH region, acid catal-
ysis, base catalysis, and concerted acid-base catalysis operated
in combination, whereas the contribution from uncatalyzed
neutral hydrolysis remained insignificant throughout all pH
conditions.

Overall, the hydrolysis of NAs and the simulants ADPP and
ANMP was strongly influenced by pH and the fraction of
protonated species, resulting in a characteristic “inverted bell-
shaped” pH profile. The pH-dependent hydrolysis rate curve of
ADPP closely resembled that of the NAs, with its rate falling
between neutral and acidic intermediate conditions, as indi-
cated by A230 and A232. However, it hydrolyzed more slowly
than the NAs under alkaline conditions. ANMP exhibited
hydrolysis rates closer to those of the NAs under alkaline
conditions. ANMP are structurally equivalent to hybrids of NAs
and the pesticide paraoxon and may still retain specific toxic
properties. Considering the potential toxicity concerns, this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Predicted reaction rates (k) of the NAs and simulants across pH values. (a) Total reaction rates (k) of the NAs and simulants; (b—f) reaction

rates (k) of different reaction paths.

study utilized the less toxic ADPP simulator to conduct hydro-
lysis tests, thereby validating the accuracy of computational
simulations.

As indicated by eqn (5), (8), and (9), the half-lives were highly
sensitive to changes in both the reaction energy barriers and the
K, values. A difference of only 1.36 kcal mol ' in the energy
barrier can lead to an order-of-magnitude change in K,. It is
widely accepted that an error in Gibbs free energy barriers of <2
keal mol " (corresponding to an error in the reaction rate of 1-2
orders of magnitude) is acceptable in DFT calculations of
aqueous-phase reactions.*® However, achieving greater accuracy
requires methods beyond standard DFT. In this study, the more
accurate G4(MP2)-XP method was used to calculate dissociation
constants, and DLPNO-CCSD(T) was employed for single-point

—=— experimental value
|—*— calculated value

10 12 14

Fig. 8 Predicted and experimental half-lives (t;,,) of ADPP.

© 2026 The Author(s). Published by the Royal Society of Chemistry

energy calculations. Notably, the hydrolysis products of phos-
phonate esters may alter the solution pH, and other ions
present could also influence the reaction. Even high-level
computations reduce but do not eliminate errors, making exact
agreement between experimental and computed half-lives
challenging to achieve.

To validate the computational predictions, experimental
hydrolysis studies of ADPP were conducted at various pH values.
At pH levels of 1, 3, 5, 7, 9, 11, and 13, the experimental values
exhibited trends consistent with those predicted by both the
wB97M-V and DLPNO-CCSD(T) methods. The absolute values
were closer to those obtained with the more accurate DLPNO-
CCSD(T) method. Thus, the hydrolysis experimental data for
ADPP generally support the reliability of the chosen computa-
tional methods and results. Future studies should further
explore the optimal conditions for degrading the simulants
ADPP and ANMP to minimize potential risks to human health
and the environment (Fig. 8).

Conclusion

The hydrolysis mechanisms of NAs under different pH condi-
tions were systematically investigated using theoretical calcu-
lations. Under acidic conditions, the dominant hydrolysis
pathway involved protonated NAs inducing the deprotonation
of surrounding water molecules, followed by nucleophilic
attacks on protonated species (Path 10). Under alkaline condi-
tions, an Sy2-type attack by hydroxide ions at the para-position
relative to the fluorine atom (Path 5) was predominant. Under
neutral conditions, Paths 5, 10, and 11 collectively contributed
to hydrolysis, with the latter involving hydroxide attack at the

RSC Adv, 2026, 16, 2597-2609 | 2605
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para-position of the protonated imine nitrogen. Influenced by
both acid and base catalysis, the hydrolysis half life of the NAs
exhibited a characteristic bell-shaped curve as a function of pH.
Hydrolysis byproducts may originate from reactions between
protonated NAs and water or hydroxide ions (Paths 10 and 11),
with comparable energy barriers for P-F and P-N cleavage in the
resulting intermediates. ADPP and ANMP were identified as
suitable hydrolysis simulants based on the computational
results, and the accuracy of the calculations was verified
through ADPP hydrolysis experiments. These findings not only
deepen our understanding of NA hydrolysis but also provide
a theoretical foundation and candidate simulants for the
development of low-toxicity and high-efficiency detoxifying
agents against A-series nerve agents.
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