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Abstract2

The enhanced degradation of organophosphorous-based chemical warfare agents3

(CWAs) on metal-oxide surfaces holds immense promise for neutralization efforts; how-4

ever, the underlying mechanisms in this process remain poorly understood. We uti-5

lize large-scale quantum calculations for the first time to probe the high-temperature6

degradation of diisopropyl methylphosphonate (DIMP), a nerve agent simulant. Our7

Born-Oppenheimer molecular dynamics (BOMD) calculations show that the γ-Al2O38

surface shows immense promise for quickly adsorbing and destroying CWAs. We find9

that the alumina surface quickly adsorbs DIMP at all temperatures, and subsequent10

decomposition of DIMP proceeds via a propene elimination. Our BOMD calculations11

are complemented with metadynamics simulations to produce free energy paths, which12
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show that the activation barrier decreases with temperature and DIMP readily decom-13

poses on γ-Al2O3. Our first-principle BOMD and metadynamics simulations provide14

crucial diagnostics for sarin decomposition models and mechanistic information for15

examining CWA decomposition reactions on other candidate metal oxide surfaces.16

Introduction17

The neutralization of chemical warfare agents (CWAs) continues to be a pressing area of18

interest for the safe and effective removal of these hazardous compounds. Among the various19

CWAs, the most nefarious are organophosphate nerve agents (such as sarin), which contain20

P=O, P–O–C, and P–C bonds that enable lethal phosphorylating mechanisms.1 Over the21

past few decades, a variety of destruction and neutralization methods have been used to safely22

eliminate these hazardous compounds. For example, destruction-based methods (typically23

pyrolysis) allow a one-step approach for the complete disposal of CWAs at the expense of24

using specialized equipment under extreme conditions.1,2 On the other hand, neutralization25

methods offer potentially reversible chemical treatments, leading to possible CWA precursors26

under less severe conditions.1
27

Recent studies have shown that metal oxides can effectively destroy CWAs due to their28

high surface area, a large number of highly reactive edges, corner defect sites, unusual lattice29

planes, and high surface-to-volume ratios. In particular, metal oxides, such as CaO,3,4
30

MgO,5,6 ZnO,7–9 TiO2,10–16 Al2O3,17–20 Fe3O4,21 and CuO22 are candidates as adsorbents31

for enhancing the decomposition of CWAs. In γ-Al2O3, Al atoms in the bulk exhibit either a32

tetrahedral or octahedral coordination. However, depending on the exposed crystallographic33

surface, Al atoms on the surface can display penta-, tetra, and tri-coordination and exhibit34

Lewis acidity.23–26 Because of its high degree of surface heterogeneity, γ-Al2O3 offers a high35

catalytic activity and is a promising candidate for the decomposition of various CWAs.27
36

In this work, we present the first ab initio molecular dynamics study for probing high-37

temperature decomposition dynamics of diisopropyl methylphosphonate (DIMP) on the γ-38
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Al2O3 surface. Due to its structural similarity with sarin, DIMP has been used in experiments39

to mimic the decomposition reaction mechanism of CWAs. DIMP is the only surrogate40

with the same isopropyl (–O–C3H7) group found in sarin gas (the only structural difference41

between sarin and DIMP is the substitution of a fluorine for an isopropyl group in the42

former). Several techniques have also been used to probe DIMP decomposition, including43

microwave discharge approaches,28 pyrolysis on porous substrates,29 laser heating,30 and44

thermal decomposition at 700 – 800 K.31 Despite these experimental studies, theoretical45

analyses of DIMP decomposition on metal oxides are scarce, except for a previous study on46

mechanism and rates of thermal decomposition of DIMP.32 In this work, we utilize large-47

scale ab initio molecular dynamics simulations to probe the adsorption dynamics and time48

scales of DIMP decomposition at various temperatures. In addition, we present new ab49

initio-based metadynamics simulations to calculate free-energy barriers for various bond50

breaking decomposition reactions of DIMP. These computational techniques allow us to51

(1) predict activation energies and detailed mechanistic pathways at various temperatures52

and (2) establish accurate sarin decomposition models on metal-oxide surfaces to guide53

experimental efforts for neutralizing DIMP.54

Simulation Details55

Molecular Dynamics Simulations56

Density functional theory (DFT) based Born-Oppenheimer molecular dynamics (BOMD)57

simulations were carried out using the CP2K33 software suite. We have specifically chosen to58

use this software package since the implementation of linear-scaling Kohn-Sham approaches59

in CP2K allows robust and efficient electronic structure calculations for large systems. The60

Perdew-Burke-Ernzerhof (PBE)34 was used for the DFT calculations with Grimmes’s D361

method to account for dispersion forces.35 To obtain reasonable accuracy, we utilized a62

DZVP (double zeta valence polarized) basis set for Al in the DFT calculations and the63
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TZV2P basis set for C, O, H, and P atoms with the Goedecker, Teter, and Hutter (GTH)64

pseudopotentials36,37 for atomic core electrons. A similar basis set for Al atoms was also65

used to accurately calculate methane activation38 and alkane dehydrogenation39 on the γ-66

Al2O3 surface. The orbital transformation method with an electronic gradient tolerance67

value of 1 × 10−5 atomic units was adopted as the convergence criteria for the SCF cycle.40
68

A kinetic energy cut-off of 400 Ry for the auxiliary plane-wave basis with a 0.5 fs timestep69

was employed to integrate the equations of motion. The initial guess was furnished by the70

stable predictor-corrector extrapolation method at each molecular dynamics step.41,42 We71

have carried out several molecular dynamics simulations in the 200 – 1000◦ C temperature72

range in increments of 100◦ C (i.e., a total of nine independent trajectories were considered).73

All simulations were carried out using a Nose-Hoover chain thermostat with the canonical

Figure 1: (a) Bulk structure of γ-Al2O3. (b) Molecular structure of diisopropyl-
methylphosphonate (DIMP). (c) Top view of DIMP adsorbed on the γ-Al2O3 surface. (d)
Side view of DIMP adsorbed on the γ-Al2O3 surface. The blue, red, orange, brown, and
light pink spheres represent Al, O, P, C, and H atoms, respectively.

74

4



ensemble (NVT).43,44
75

The nonspinel model of the bulk γ-alumina unit cell (shown in Figure 1a) was built using76

the crystallographic model by Dinge et al.,23,45 which has been shown to match well with77

experimental structural parameters.46 Our calculated cell parameters (a = 7.90 Å, b = 7.9378

Å, and c = 8.07 Å)23,45 for bulk γ-alumina are in excellent agreement and within 2% of79

the experimental cell parameters (a = b = 7.96 Å and c = 7.81 Å).46 In our simulations,80

we used the (100) facet of this model, which is the lowest-energy facet reported for this81

material.23 It is worth mentioning that our calculations represent a simplified model of the82

metal-oxide surface, and impurities (such as H2O, OH, SOx, etc.) may be present and play83

a crucial role in its reactivity. Nevertheless, our large-scale BOMD calculations still provide84

critical atomistic insight into the reactivity of the original pristine material, which serves as85

a baseline for comparing its catalytic activity against other mixed metal oxide surfaces (and86

their associated impurities), which we save for future studies.87

For our NVT simulations, a 3× 1× 2 supercell of γ-alumina and a single DIMP molecule88

(Figure 1b) containing a total of 268 atoms were used. We introduced a single DIMP molecule89

5 – 6 Å above the center of the alumina slab along the y-direction, as shown in Figure 1c.90

Periodic boundary conditions were applied in the x and z directions. Thus, the xz plane of the91

slab is parallel to the surface, and the y-axis forms the surface normal where DIMP interacts92

with the alumina surface. We introduced a vacuum layer of 15 Å on top of the surface to93

avoid any significant overlap between the electronic density of periodically translated cells.94

Our BOMD simulations show that the DIMP molecule moves extremely fast and explores a95

large space of configurations. To limit this exploration to regions where DIMP dissociation96

on alumina might occur, it is essential to restrict the movement of the DIMP molecule.97

Specifically, an external spherical potential, which only acts on the DIMP molecule, was98

placed at the center of the system. Due to the computationally expensive nature of these99

simulations, we performed 12 ps NVT simulations for each trajectory. We also calculated100

adsorption energies using conventional geometry optimizations using the Broyden-Fletcher-101
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Gold-farb-Shanno (BFGS) minimization algorithm until the forces converged to 4.0 × 10−4
102

Bohr with an SCF convergence criteria of 1 × 10−5 au. For the geometry optimization, we103

used a relatively small supercell (1 × 2 × 2) compared to our BOMD simulations.104

Metadynamics Simulations105

Throughout our BOMD simulations, we did not observe any decomposition of DIMP on106

alumina within the 200 – 600◦ C temperature range (decomposition did occur at higher107

temperatures, which is discussed later in this paper). At lower temperatures, the high com-108

putational cost of these simulations only permits explorations of short time intervals; there-109

fore, BOMD simulations alone do not permit a routine exploration of the complete reaction110

dynamics. One can sidestep this limitation by using advanced computational techniques111

such as metadynamics simulations (MetaD),47 which we describe further below. In short,112

MetaD bypasses the sampling limitations of traditional molecular dynamics by applying a113

history-dependent biasing potential as a function of time to enable efficient sampling of the114

free energy surface. The free energy surface itself is defined over a set of collective variables115

(CVs), which are carefully chosen to provide a complete description of the system’s slow116

degrees of freedom. The decomposition process is characterized by the breaking of various117

bonds within the DIMP molecule on the alumina surface. For this reason, we utilized two118

CVs, shown in Figure 2, for our accelerated sampling simulations. The CV specifies the119

coordination number (CN) during the MetaD simulations, which is expressed as a function120

of the distance between two atoms:121

CV or CN =
1 −

(
dAB

d0

)p

1 −
(

dAB

d0

)p+q , (1)

where dAB is the distance between atoms A and B, and d0 is the reference distance or fixed122

cut-off parameter (this parameter characterizes the standard bond distance between atoms123

A and B). The variables p and q in Equation 1 are constants, which were fixed to p = q = 6.124
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Figure 2: Collective variables (CVs) used to describe the adsorption dynamics of DIMP on
the alumina surface.

In this work, we chose CV1 to be the distance between the C and O atoms within DIMP,125

and CV2 as the distance between the O atom in DIMP and an Al atom on the alumina126

surface, as shown in Figure 2. MetaD simulations were carried out by depositing Gaussians127

with heights of 0.02 and 0.001 Hartree for the 200 – 500◦ C and 600 – 1000◦ C temperature128

ranges, respectively. The widths of the Gaussians were set to 0.1 for both the CV1 and CV2129

simulations. In this work, well-tempered MetaD (wt-MetaD) simulations were used48,49 with130

the deposition rate of the Gaussian hills set to 20 steps. The well-tempering was implemented131

using a Gaussian height damping factor of ∆T such that the ratio ∆T+T
T

was equal to132

6. We performed two sets of wt-MetaD simulations for each temperature from different133

initial conditions, which were extracted from the pre-equilibrated BOMD simulations. We134

confirmed a representative sampling and convergence of the reactant, product, transition135

state, and free energy differences, particularly for the dissociation of the C–O bond in DIMP136

on the alumina surface.137
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Results and Discussions138

Adsorption of DIMP on the Alumina Surface139

Figure 3: Time-dependent fluctuations of various Al–O distances, which confirm DIMP
adsorption throughout the BOMD simulations for all temperatures.

Metal oxide surfaces are typically catalytic and can adsorb and subsequently decompose140

CWAs into benign products. Prior experiments50 and theoretical27 calculations have shown141

that sarin simulants can adsorb on metal oxides by forming a bond with metal atoms via a142

phosphoryl oxygen. Initially, we observed the DIMP molecule interacting with an Al atom143

via the O atom of the P–OC3H7 moiety. To further explore these dynamical effects with our144

BOMD simulations, Figure 3 plots the distance between one of the surface Al atoms and the145

oxygen of the P–OC3H7 moiety in DIMP at various temperatures. These calculations show146

that DIMP adsorption occurs within two picoseconds for all temperatures, and the oxygen147

of the P–OC3H7 moiety of DIMP interacts with the tetra-coordinated Al center. We did not148

observe any desorption of DIMP on the alumina surface, as indicated by the small Al48–O3149

bond distances in Figure 3 (as a side note, the 600◦ C plot in the center of Figure 3 does show150
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dissociation of the Al48–O3 bond, but a new Al11–O2 bond quickly forms thereafter, and151

the DIMP molecule still remains on the alumina surface). Figure 4 shows snapshots from152

our simulations depicting various DIMP adsorption configurations on the alumina surface.153

As suggested by prior theoretical calculations,51–53 the adsorption via the O atom of the P–154

OC3H7 moiety is crucial for propene elimination. As the MD simulations progresses, we also155

observe interactions between the O (in the –P=O group) and Al atoms. In short, the DIMP156

molecule remained adsorbed on the alumina surface in our simulations for all temperatures.157

Figure 4: Snapshots illustrating the adsorption of DIMP on the alumina surface. From 200
– 500◦ C, adsorption occurs via the formation of the Al48–O3 bond. At 600◦ C, adsorption
proceeds via the formation of the Al48–O3 and Al11–O2 bonds. At 700 and 1000◦ C, the
Al48–O3 bond is formed during the adsorption process, and from 800 – 900◦ C, an Al43–O2
bond is formed.

158

To complement our MetaD simulations, we also calculated adsorption energies, Eads,159

using the following expression:160

Eads = EDIMP+surface − Esurface − EDIMP, (2)

where Esurface is the energy of the alumina surface, EDIMP is the energy of an isolated gas-161

phase DIMP molecule, and EDIMP + surface represents the energy of the adsorbed molecule162

on the surface. A negative value of Eads corresponds to an exothermic process and a stable163

adsorption configuration. The tri-coordinated Al surface atoms are known to be strong Lewis164
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Figure 5: Various adsorption configurations of DIMP on the γ-Al2O3 (100) surface. Bond
distances are shown in angstroms.
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acid-type catalytic sites54 and give large adsorption energies when the DIMP molecule binds165

to them. Figure 5 illustrates selected optimized structures of DIMP on the alumina surface.166

In panel 5(a), the DIMP molecule is bonded to two tetra-coordinated Al atoms via the167

phosphoryl oxygen, resulting in a bridging adsorption with Eads = −48.63 kcal/mol. In panel168

5(b), the alkoxy oxygen is bonded to a tri-coordinated Al atom, giving an adsorption energy169

of -101.40 kcal/mol. The largest adsorption energy (-153.55 kcal/mol) was obtained for the170

configuration shown in panel 5(c) where the alkoxy and phosphoryl oxygen atoms are bonded171

to two different tri-coordinated Al centers. In panel 5(d), the phosphoryl oxygen is bonded to172

a tri-coordinated Al center, giving an adsorption energy of -93.12 kcal/mol. The adsorption173

energy for configuration in panel 5(e) is -117.97 kcal/mol in which the DIMP molecule174

binds with two tetra-coordinated Al atoms via two alkoxy oxygen atoms. Our calculated175

adsorption energy for the configuration shown in panel 5(a) is in good agreement with a176

previously studied similar configuration of sarin adsorption on γ-Al2O3 (-49.2 kcal/mol).27
177

Decomposition of DIMP on the Alumina Surface178

We next examine DIMP decomposition mechanisms on the alumina surface. Previous studies179

have shown that one of the decomposition pathways of DIMP proceeds through the breaking180

of a C–O bond.28 Figure 6a displays time-dependent variations of C–O bond distances from181

200 – 600◦ C, which fluctuate around 1.50 Å (the covalent C–O bond distance), indicating182

that the C–O bond remains intact. On the other hand, Figure 6b shows that when the183

temperature is raised to 700 – 1000◦ C, the C–O bond lengthens significantly, signifying184

decomposition. It is worth noting that the timescales for DIMP decomposition varies with185

temperature, and we observe a very rapid decomposition at 1000◦ C.186

Figure 7 depicts snapshots at crucial points for the decomposition of DIMP on the alu-187

mina surface for a few representative MD trajectories. As mentioned in the previous section,188

adsorption initially occurs via the oxygen atom of the P–OC3H7 moiety in DIMP and an Al189

atom on the alumina surface (which occurs at all temperatures). At 700◦ C, the 3 panels190
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Figure 6: Evolution of C–O distances as a function of time on the alumina surface at various
temperatures, which describes DIMP decomposition. The corresponding atom labeling is
shown in the inset panel of (a).
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Figure 7: Snapshots of DIMP decomposition from representative MD trajectories at various
temperatures.
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at the top of Figure 7 depict a possible decomposition pathway in which the C3–O3 bond191

breaks after 2 ps and an Al–O bond forms with the alumina surface. During this process,192

a surface-bound n-alkyl (–C3H7) species is formed. At ∼3 ps, a single terminal C–H bond193

from the n-alkyl molecule is broken when a proton is abstracted by an oxygen atom on the194

alumina surface. This forms propene, an unsaturated compound, as a by-product. As the195

simulation further proceeds, the P–O bond in DIMP dissociates at 7 ps and forms a new Al–196

OCHCH3CH3 adsorbate on the alumina surface. In addition, once the P–O bond in DIMP197

is cleaved, a new P–O bond is formed between the phosphorus atom and a di-coordinated198

surface oxygen atom (see the 3 panels at the top of Figure 7). At 800 – 1000◦ C (depicted199

in the bottom 9 panels of Figure 7), DIMP decomposition involves only the propene elim-200

ination via a two-step process. The first step of the propene elimination is associated with201

the dissociation of the C2–O2 (800 – 900◦ C) or C3–O3 (1000◦ C) bond. The second step202

comprises the migration of the hydrogen atom from the methyl group of the –C3H7 fragment203

to one of the surface oxygen atoms. Within these simulated timescales, we did not observe204

any further decomposition of DIMP within the 800 – 1000◦ C temperature range.205

Free energy profiles206

The propene end-products predicted by our BOMD simulations corroborates previous ex-207

periments on DIMP, which include thermal decomposition studies,55,56 pyrolysis and com-208

bustion in nitrogen/oxygen-rich environments,57 as well as microwave28 and laser-induced30
209

decomposition under inert environments. Collectively, all of these prior experimental studies210

detected propene as one of the main by-products of DIMP decomposition, which further211

supports our BOMD predictions. To further investigate the decomposition of DIMP on212

alumina, we utilized well-tempered metadynamics simulations by adopting two collective213

variables. We performed two sets of metadynamics simulations (for each temperature within214

the 200 – 1000◦ C range) using different initial conditions. Obtaining accurate free energy215

profiles from metadynamics simulations requires (1) longer simulation times until all acces-216
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Figure 8: Reconstructed free energy surface for the decomposition of DIMP on the alumina
surface at (a) 1000◦ C, (b) 900◦ C, (c) 800◦ C, and (d) 700◦ C. The R, TS, I, and P labels
in each free energy surface correspond to the reactant, transition state, intermediate, and
product, respectively.

15



sible regions of the potential are explored (with trajectories spanning forward and backward217

many times between reactant and product states) and (2) a careful selection of collective218

variables. Our well-tempered metadynamics simulations at various temperatures suggests219

that when the C–O bond is broken, subsequent reforming of this bond is prohibited (Figure220

S19), which indicates that the reaction is irreversible. The Supporting Information (Figures221

S20 and S21) provides further details on the convergence of our free energy profiles between222

the transition state and reactant basin as a function of time, which demonstrates that our223

metadynamics simulations are fully converged.

Figure 9: Snapshots from the well-tempered metadynamics simulations within the 700 –
1000◦ C temperature range. The R, TS, and P labels illustrate the reactant, transition
state, and product, respectively.

224

The free energy surface at 1000◦ C is shown in Figure 8 (a). The two CVs that capture225
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the energetics of DIMP decomposition are presented in Figure S1. In this mechanism, the226

reactant (R) goes to a product (P) via a transition state (TS) and a small tiny intermediate227

(I) in between the transition state and product. The reactant state is defined by CV1 = 0.75228

(C–O = 1.66 Å) and CV2 = 0.11 (Al–O = 2.17 Å ), where DIMP is bonded to the surface Al229

atom. The decomposed DIMP product, P, is characterized by CV1 = 0.03 (C–O = 3.12 Å)230

and CV2 = 0.40 (Al–O = 1.77 Å), in which the C–O bond of DIMP is cleaved. At this stage,231

the H atom from the –C3H7 moiety is transferred to a surface oxygen atom, and propene232

is formed. The C–O bond length stretches to 1.87 Å at the transition state (which has an233

activation barrier of only 4.11 kJ/mol) and subsequently dissociates. The reactant, transition234

state, and product from our well-tempered metadynamics simulations at 1000◦ C are shown235

in Figure 9(a). In the Supplementary Material, we provide an additional free energy profile236

(Figure S2) at 1000◦ C that utilizes different initial conditions. For this separate case, the237

reactant proceeds to the product state via a stable transition state with a tiny minimum,238

and the activation barrier is ∼6.36 kJ/mol. Collectively, the average free energy value from239

these independent trajectories is 5.24 kJ/mol.240

The reaction mechanism at 900◦ C is very similar to that of 1000◦ C, which also shows a241

tiny intermediate between the product and transition state, as shown in Figure 8(b). The free242

energy barrier value is ∼11.85 kJ/mol, and Figure S3 in the Supplementary Material shows243

the corresponding evolution of CV1 and CV2. The geometries of the reactant, transition244

state, and product along the metadynamics trajectory are reported in Figure 9(b). We have245

also performed additional metadynamics calculations using different initial conditions to test246

the reproducibility of these results. In these additional calculations (depicted in Figure S4247

in the Supplementary Information), the reactant proceeds to the product through a single248

transition state with a free energy barrier value of ∼15.73 kJ/mol. The average free energy249

barrier value obtained from these different initial conditions is 13.79 kJ/mol.250

The reconstructed free energy surfaces at 800 and 700◦ C are shown in Figures 8(c) and251

8(d), and fluctuations of the corresponding CV values are presented in Figures S5 and S6,252
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respectively. In contrast to the higher temperatures discussed previously, the decomposition253

of DIMP at 800 and 700◦ C proceeds via a single transition state. At 800◦ C, the collective254

variables CV1 (0.71) and CV2 (0.12) define the reactant state R, at which DIMP forms a bond255

with the surface Al atom (typical C–O and Al–O bond distances at this geometry are 1.53 and256

2.25 Å, respectively). The C–O bond in DIMP stretches to 1.91 Å to form a transition state,257

and the reaction progresses to the product where the C–O bond subsequently dissociates, and258

propene is formed. The net free energy barrier for this activation process is ∼22.53 kJ/mol.259

The additional free energy profile at 800◦ C from the different initial conditions is shown in260

Figure S7. A very similar reaction mechanism is also observed at 700◦ C with a slightly higher261

activation barrier of ∼26.65 kJ/mol. Figure S8 in the Supplementary Material represents262

the topology of another free energy surface at 700◦ C from different initial conditions. The263

reactant, transition state, and product geometries from these metadynamics simulations are264

shown in Figures 9(c) and 9(d) for 800 and 700◦ C, respectively. A detailed analysis of

Figure 10: Free energy activation barrier as a function of temperature for the decomposition
of DIMP on the alumina surface. The free energy activation barrier value is calculated by
averaging over two metadynamics simulations at each temperature.

265
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free energy profiles for DIMP decomposition on alumina at various temperatures (200 –266

600◦ C) with different initial conditions is given in the Supplementary Material (Figures S9-267

S18). Figure 10 summarizes the free energy activation barrier as a function of temperature,268

which shows that the free energy activation barrier decreases with temperature. Static269

DFT calculations have obtained free energy activation barrier values of 113 kJ/mol (ZnO270

surface),51 108.0 kJ/mol (rutile surface),53 122.6 kJ/mol (anatase surface),53 and 53.7 kJ/mol271

(MoO2 surface).52 However, the free energy activation barriers for C–O bond breaking from272

our simulations are much lower than these previously reported values. We also note that the273

free energy activation barrier value at 600◦ C is very similar to that of 700◦ C.274

Figure 11: Panel (a) depicts collective variables used in studying the formation of an Al–
OCHCH3CH3 adsorbate at 700◦ C, and panel (b) shows the 3D reconstructed free energy
surface, where R, TS1, I, TS2, and P correspond to the reactant, transition state 1, inter-
mediate, transition state 2, and product, respectively. Panel (c) shows snapshots of R, TS1,
I, TS2, and P along the metadynamics trajectory.

At 700◦ C, we observed formation of an Al–OCHCH3CH3 adsorbate in addition to275

propene. To further analyze these energetics with metadynamics simulations, we utilized276

two collective variables: CV3 [P1–O2] and CV4 [P1–064], which denote the coordination277

number of the P1 phosphorus with respect to the O2 and O64 oxygen atoms, respectively, in278

the DIMP molecule. The CVs are shown in Figure 11(a), and the corresponding free energy279
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surface is depicted in Figure 11(b). The reaction mechanism takes place in two substeps, as280

shown in Figure 11(c). The reactant is described by CV3 = 0.80 and CV4 = 0.05, in which281

the P1–O2 and P1–O64 bond distances are 1.69 and 3.02 Å, respectively. The P1–O2 bond282

first stretches to 1.95 Å and forms the first transition state (TS1). The P1–O2 bond then283

dissociates to 2.46 and creates a stable intermediate, I (CV3 = 0.15, CV4 = 0.04), giving284

a free energy activation of 18.51 kJ/mol. The reaction proceeds over a second transition285

state (TS2) in which the P1–O2 bond is further stretched and the resulting –OCHCH3CH3286

fragment binds to the surface Al atom. In the product state, the distance from the P1287

atom to the surface oxygen (O64) shortens (1.74 Å), indicating the formation of a P1–O64288

covalent bond. In contrast, the P1–O2 bond length further increases, showing the complete289

decomposition of the DIMP molecule.290

Collectively, our AIMD calculations show that the decomposition of DIMP most likely291

progresses via a propene elimination on the alumina surface. The final step of the propene292

elimination occurs via the abstraction of a hydrogen atom by the surface oxygen atom of293

gamma-alumina. We also performed metadynamics simulations to evaluate the free energy294

activation of this process. The C-H coordination (CV5) and H–O coordination (CV6) were295

selected as collective variables, as shown in Figure S22 in the Supporting Information. A296

Gaussian with a height of 0.0001 Hartree was used for these simulations. Figure S23 in the297

Supporting Information illustrates free energy profiles for the C–H activation within the 200298

– 500◦ C temperature range. In Figure S24, we show free energy profiles in the 600 – 900◦ C299

temperature range. The free energy profile at 1000◦ C is shown in Figure S25a, and Figure300

S25b summarizes the free energy activation barrier as a function of temperature. The free301

energy activation barriers range from 3.91 – 1.29 kJ/mol for the 200 – 1000◦ C temperature302

range. We find that the free energy activation barrier value decreases with increasing the303

temperature. The small free energy barrier value in the 600 – 1000◦ C temperature range304

lies between 5 – 28 kJ/mol, which can be easily accessible by experiment. Our theoretical305

findings are also consistent with experimental studies, which also identified propene as the306
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main gas-phase product of the DIMP decomposition. In summary, our AIMD simulations307

show that the γ-Al2O3 surface can trap and subsequently decompose DIMP due to strong308

electrostatic attractions between the phosphoryl oxygen and surface Al atoms.309

Conclusions310

In this work, we have harnessed large-scale ab initio molecular dynamics calculations to in-311

vestigate the adsorption and decomposition of DIMP on the γ-alumina surface over a wide312

range of temperatures. Our DFT-based molecular dynamics calculations predict a sponta-313

neous decomposition of DIMP with propene as the main by-product within the 700 – 1000◦
314

C temperature range (the decomposition reaction leads to propene and an Al–OCHCH3CH3315

adsorbate at 700◦ C). Due to the short-time scales inherent to BOMD simulations, it is likely316

that a similar decomposition would also occur at lower temperatures but would take longer to317

happen. Well-tempered metadynamics AIMD simulations were performed for temperatures318

ranging from 200 – 1000◦ C to provide atomistic-level details of the reaction path and asso-319

ciated energetics of DIMP decomposition. Our metadynamics calculations also reveal that320

the free energy barrier value decreases with temperature. The low free energy barrier values321

at higher temperatures suggest that that reaction is extremely fast at higher temperatures322

and is likely to occur at a lower rate at lower temperatures.323

In our study, we obtained free energy values of 62.75 to 5.24 kJ/mol within the 200 –324

1000◦ C temperature range. Recent experiments on CWAs have also been carried out under325

similar temperatures, including vapor phase decomposition of DMMP (a sarin surrogate) at326

500 – 800 K,58 sarin decomposition on TiO2 nanoparticles at 1000 K,53 and decomposition of327

CWAs at 2000 K.31,59,60 Collectively, all of these experiments showed that the temperature328

ranges studied in this work can also be achieved under operational conditions, and DIMP329

would decompose on the γ-Al2O3 surface. Due to the structural similarity between DIMP330

and sarin, our calculations provide additional insight into decomposition mechanisms of both331

21



these molecules and elucidate atomic details of sarin decomposition on candidate metal-oxide332

surfaces. As a final remark, this study serves as a convincing demonstration of the use of333

DFT-based molecular dynamics simulations for investigating the interactions of CWAs with334

existing metal-oxides, which can be used to guide experimental efforts on these hazardous335

compounds.336
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