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Abstract

The decomposition of dimethyl methylphosphonate (DMMP, (CH3O)2P(O)(CH3)), a 

simulant to the toxic nerve agent Sarin, on the rutile TiO2(110) surface has been studied 

with temperature programmed desorption (TPD) and density functional theory (DFT) 

calculations. The reactivity of the TiO2(110) surface for DMMP decomposition is shown 

to be low, with mainly molecular desorption and only a small fraction of methanol and 

formaldehyde decomposition products seen from TPD at around 650K. In addition, this 

amount of products is similar to the number of O vacancies on the surface. DFT 

calculations show that O vacancies are key for P-OCH3 bond cleavage of DMMP, 
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lowering the barrier by 0.7 eV, and enabling that reactive process to occur at around 

600K. This is explained by the closer position of DMMP with respect to the surface in the 

presence of the O vacancy. Calculations show that the produced methoxy groups can 

transform to gas phase formaldehyde and methanol at the considered temperature 

(600K), in agreement with experiments. O-C bond cleavage of DMMP is also a viable 

pathway at such high temperature (600K) for DMMP decomposition on r-TiO2, even in 

the absence of O vacancies, but the formation of gas phase product is energetically 

unfavorable. O vacancies hence are the active site for decomposition of DMMP into gas 

phase products on r-TiO2(110).

Introduction

Sarin is a toxic compound that disrupts the nervous system, subsequently making it one 

of the most dangerous Chemical Warfare Agents (CWAs).1–3 With a renewed interest in 

safe handling and decontamination of toxic CWAs, there is a critical need for improved 

protective equipment capable of rendering these chemicals harmless under ambient 

conditions. Understanding the elementary steps in which these organophosphonates can 

be catalytically decomposed is an important knowledge for the design of such equipment. 

Due to the extreme toxicity of CWA, experimental studies often substitute the nerve 

agents studied with non-hazardous compounds exhibiting similar structural geometry and 

functional groups. Particularly dimethylmethylphosphonate (DMMP) is used as a simulant 

of Sarin. Sarin and DMMP both share the O=P(OR1)(X)(R2) structure, where R1 and R2 

are alkyl groups and X an electronegative monovalent substituent. In the case of DMMP, 
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X is another alkoxy (OR1 group) and R1 and R2 are methyl groups. In sarin, R1 is isopropyl, 

R2 methyl and X fluorine. DMMP is considered to provide a good initial estimation for 

Sarin’s decomposition chemistry while being relatively non-toxic.

Figure 1: Chemical structures of Sarin (top) and DMMP (bottom) illustrating their similarity.

Metal oxides, including CuO4,5, MoO3
5,6, MoO2

7, Al2O3
8–11, MgO12–15, CeO2

9,16, Fe2O3
17, 

Fe3O4
18, and TiO2

19–22 are known to promote the decomposition of organophosphorus 

molecules at ambient temperature.23 Studies using Fourier transform infrared 

spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) on metal oxides such 

as MoO2, CeO2, CuO, Al2O3, and TiO2 indicated that DMMP adsorbs via the interaction 

between the oxygen of P=O group and surface metal cation.4,7,16,24,25 Decomposition 

wise, one of the earliest works on metal oxides uses IR to follow DMMP decomposition 

on the oxides of Al, Mg, La and Fe. P-OCH3 bond cleavage occurs for DMMP thermal 

decomposition on aluminum, magnesium and lanthanum oxide, whereas in the case of 

iron oxide, ceria, and cupric oxide,  P-CH3 bond activation was also observed.4,24 

Common thermal decomposition products include methanol, formaldehyde, carbon 
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dioxide, and carbon monoxide.16,17,26–28 Dimethyl ether is also formed from DMMP 

decomposition on thin films of Fe3O4(111) and on MoO3.7,22,27,29

On powdered titania, FTIR studies of DMMP decomposition show between 300 K and 

400 K a decrease of stretching modes corresponding to methoxy groups in DMMP, with 

the increase of the band linked with surface methoxy species. This was interpreted as 

resulting from the cleavage of a P-OCH3 bond in DMMP, transferring a methoxy onto 

surface Ti atoms and forming methyl methylphosphonate (MMP).21,30 The formation of 

gas phase methanol was observed in the case of hydroxylated TiO2 anatase.19 Powdered 

TiO2 do not activate the P-CH3 bond until temperature above 800 K.8,20,24,31,32 

Model studies on single crystal rutile TiO2(110) under ultra-high vacuum conditions show 

that DMMP adsorption occurs via the dative bond between the P=O group and Ti5c, and 

that molecular desorption is observed up to 550K, suggesting a rather low reactivity at 

room temperature.26 Decomposition products consisting of methane, methyl and 

hydrogen evolve at 500 K while phosphorus containing species remains on the surface. 

The low reactivity and the observed decomposition products contrast with experiments 

using powder samples in ambient conditions. The observed reactivity on single crystal 

TiO2 surfaces can be affected by the presence of various defects on TiO2, mainly O 

vacancies, so that the understanding of the intrinsic reactivity of single crystal surfaces 

requires additional fundamental insights from surface science and modelling.

The fundamental knowledge about decomposition reaction pathways on various metal 

oxide surfaces used and our understanding of the influence of surface structure on the 

elementary steps of DMMP decomposition, both thermodynamically and kinetically, 

remains limited. Studies on metal organic frameworks such as zirconium(IV) based MOF 
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(as UiO-66) have shown that the surface hydroxyl groups are influential in DMMP 

interaction and dissociative adsorption,29,33–36 whereas in the case of metal oxides DMMP 

may interact with the surface even in the absence of hydroxyl groups. On oxygen 

terminated MoO3, oxygen vacancy have been shown to play a role in altering the surface 

Lewis acidity, and subsequently the reactivity for DMMP decomposition.6 More generally, 

surface point defects on metal oxides such as oxygen vacancies, have been shown to 

have an important effect towards surface reactivity in reactions such as methanol 

dehydrogenation37,38, H2S dissociation39, water dissociation40, and hydrogen evolution41 

in particular for the case of rutile and anatase surfaces. All these studies hint at a possible 

important role held by surface defects on reactivity. 

The rutile form of titanium oxide has been studied quite extensively and procedures for 

creating well-defined surfaces with specific types of defects, including bridging oxygen 

vacancies,42–51 are established. Bridging oxygen vacancy defects are known to play a key 

role as active sites on rutile TiO2 for various reactions such as chemisorption of 

hydrogen52,53, chemisorption and oxidation of CO52,54–56, dissociation of water40,53,57–70, 

dissociation of O2
71–74, photo-oxidation and decomposition of methanol37,75–83, and 

formaldehyde oxidation80,84–89. A comprehensive review by Henderson on past literatures 

summarizes how H2O dissociates at bridging oxygen vacancy sites to produce two 

hydroxyls on the surface, whereas on the pristine surface, the interaction between water 

and surface is weak.64 In the case of methanol, recombinative desorption is facile and 

observed at 350 K. However, exposure to O2 leads to oxygen adatoms near vacancy sites 

which significantly increases the O-H bond cleavage of methanol, creating surface 

methoxy species.37 With the wide agreement over how bridging oxygen vacancy 
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increases reactivity of many small molecules, it is probable that these surface defect 

states can have an impact towards the decomposition of organophosphorus CWA as well. 

In this work, several different channels for decomposition of DMMP are investigated on 

the pristine and defective r-TiO2(110) surface using a combination of theory and 

experiment. We chose TiO2(110) as this surface is stable and exhibit accessible Lewis 

acid sites and oxygen vacancy defects that may help the reactivity of DMMP 

decomposition.45,47 We aim to provide insights on the preferred decomposition pathway 

of DMMP on r-TiO2(110) and on how oxygen vacancies may affect the preferred 

decomposition steps. DFT was employed to study the adsorption geometries and 

energies and to explore possible decomposition mechanisms. Most crucially, DFT 

explains the possible decomposition channel shown by our TPD experiment.

Computational Methods

The density functional theory calculations were performed using the Vienna Ab Initio 

Simulation Package.90,91 The Perdew-Burke-Ernzerhof (PBE) functional within the 

generalized gradient approximation (GGA) was employed to describe the exchange and 

correlation energy with addition of a dDsC dispersion correction to describe the van der 

Waals interactions.92–94 The Projector Augmented Wave (PAW) method was used to 

describe the electron-ion interactions. The one-electron states were developed on a basis 

of plane waves with a kinetic energy cutoff of 500 eV.95–97 Due to the onsite coulomb 

repulsion of the Ti 3d orbitals, the calculations included the effective Hubbard U (DFT+U) 

parameter of 4.2 eV on Ti following the Dudarev approach.98,99 The U value 4.2 eV was 

taken as it correctly depicts the electronic structure features observed experimentally with 

TiO2, particularly the localized nature of electrons on surfaces with oxygen vacancies.48 
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The electronic energies were converged within  eV threshold and the atomic force 10 ―6

convergence criterion for geometry optimizations was set to 0.03 eV/atom. The transition 

states were calculated using the Nudged Elastic Band Method with 8 images. Due to the 

expensive computational demands of the NEB method, once a force limit of 0.1 eV is 

reached, the search of transition state is further continued with the Quasi Newton method 

until the forces converges under 0.03 eV/atom. 

The adsorption energies are calculated with equation 1:

(1)𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑢𝑟𝑓 + 𝐷𝑀𝑀𝑃 ― 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ― 𝐸𝐷𝑀𝑀𝑃(𝑔)

The approximate kinetic rate constant for each elementary step on the TiO2 surface was 

calculated using the Transition State Theory approximation, with vibrational contribution 

to entropy neglected:

𝑘 = (𝑘𝑏𝑇
ℎ ) ∗ exp [ ― (𝐸𝑇𝑆 ― 𝐸𝑅)

𝑘𝑏 ∗ 𝑇 ]
Where  is the energy of the transition state and  is the energy of the reactant. 𝐸𝑇𝑆 𝐸𝑅

Computational Model

The periodic slab of rutile TiO2 (110) was cut from the TiO2 bulk structure optimized using 

the PBE+U functional. The calculated lattice constants for TiO2 bulk are a = 4.68 Å and c 

= 3.03 Å, slightly longer (3 %) than experimental values of a = 4.54 Å and c = 2.94 Å, in 

agreement with previous studies.54,100,101 The bulk calculations use a gamma centered k-

points mesh of 4x4x4.

Page 7 of 55 Physical Chemistry Chemical Physics



8

The TiO2(110) surface is modelled as a 2x4 super cell with lattice vectors a = 13.16 Å and 

b = 12.07 Å (fig. 2). The surface cell contains four O-Ti-O trilayers (12 atomic layers) with 

a vacuum distance of 15 Å between slabs to avoid interaction. The geometry of the bottom 

most three atomic layers is frozen to the bulk structure. The surface presents 4 types of 

atoms based on their coordination, namely Ti5c, Ti6c, O2c, and O3c. These atoms form rows 

in the [001] direction. The top-most layer consists of O2c rows (bridging oxygen row) and 

exposed Ti5c rows sandwiched between two O3c rows. Ti6c rows reside beneath top-most 

O2c bridging oxygen row. Among the two types of oxygen atoms, oxygen vacancy at 

bridging oxygen site was found to be more stable49,102,103, and thus the defect sites 

considered are the vacancy on the O2c bridging site only. In each supercell only one 

vacancy is created which corresponds to a 0.125 ML coverage to mimic experimentally 

Figure 2: Rutile TiO2(110) Surface Model. (Left) Side view of the pristine TiO2 (110) supercell and 
(Right) Top view of defective TiO2(110) supercell with an O2c oxygen vacancy (indicated by a broken 
line circle, since a subsurface O atom is seen below at the same x, y position).

observed vacancy coverage (between 0.08 to 0.15 ML)37,47,104. Only the gamma point is 

use for surface calculations. Further test shows that using a k-points mesh of 3x3x1 gives 

no significant difference compared to gamma point calculations. Tests have also been 
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performed for adsorption energy, transition state energy and surface reaction energy with 

a larger 3x6 unit cell or a thicker model with 6 trilayers, and the largest difference was 

0.05 eV, hence validating the model choice (see SI pages 1-2, Figure S1, table S1 and 

S2). A 2x3 unit cell was also considered for high coverage calculations.

The dipole-dipole interaction between each slab in the z direction was corrected using the 

Harris correction and Makov-Payne method as implemented in VASP.105 

Experimental Methods

Desorption and reaction of DMMP is studied in an ultra-high vacuum apparatus described 

previously.106,107 A clean TiO2(110) surface with a bridge-bonding oxygen vacancy 

concentration of ≤2% of a monolayer (with respect to the Ti-surface sites) was obtained 

by cycles of Ar+-sputtering and vacuum annealing 780 K.106 DMMP (purity ≥97%, Sigma-

Aldrich) was purified by pump freeze cycles. The TiO2 crystal quality has been routinely 

checked by Auger Electron Spectroscopy and temperature programmed desorption of 

H2O. The bridge-bonding oxygen vacancy concentration was determined to be 1.5% 

±0.5% by water desorption (Fig. S2).

Before every experiment, the designated gas line system was flushed and pumped 

multiple times and further passivated with more than 1 h of DMMP exposure to avoid 

contamination by any hydrolysis products as determined by the vapor pressure in the gas 

line of 0.11 Torr.108 DMMP exposures were performed with a pressure of 5 × 10-10 Torr 

for 60 s unless otherwise stated, which lead to a monolayer saturation coverage at a 

crystal temperature of 200 K. The exposure amounts do not correct for the enhancement 

in flux of the needle dozer, which was determined to be 27 previously in comparison to 
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Langmuir exposures. Temperature programmed desorption and reaction experiments 

were performed with the crystal positioned in a line-of-sight geometry with the quadrupole 

mass spectrometer and a constant heating rate of 1 K/s. The highest temperature is kept 

to 780 K to avoid unwanted reductions and reconstructions of the TiO2(110) surface.42,109 

The masses monitored include m/e of 2, 15, 16, 18, 27, 28, 29, 30, 31, 32, 33, 35, 44, 46, 

47, 79 and 124. The gas-phase products were identified by their fragmentation patterns 

and corrected fragmentation pattern contributions and mass spectrometer sensitivity. An 

additional trace to show the unambiguous identification of methanol and formaldehyde is 

shown in figure S3 in the supporting information. The quantitative reactivity analysis is 

done exactly as described in earlier work83,110 with the ionization sensitivities of the 

molecules.111–113

Results 

Temperature programmed studies of DMMP on r-TiO2(110)

Molecular desorption of DMMP predominates on r-TiO2(110), occurring over a broad 

temperature range, 200-500 K (fig. 3), in agreement with prior literature.28  A small amount 

of methanol and formaldehyde, in similar ratio, is also produced at ~650 K, accounting for 

2% of a monolayer. The amount of methanol can be quantified by a direct comparison of 

integrals with a monolayer saturation coverage from a pure methanol exposure control 

experiment.

The 2% of reacted products are in excellent agreement with the bridge-bonded oxygen 

vacancy concentration of ≤2%. No other reaction products are detected. The concomitant 

evolution of methanol and formaldehyde is consistent with disproportionation of adsorbed 
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methoxy.37,77,79,114–118 These methoxy species must result from DMMP dissociation, in 

agreement with the further presented calculations. Based on the gaseous products, 14% 

of ML of DMMP molecules desorb from the surface, accounting for 87% of total gaseous 

products. Some of the DMMP reacts and is trapped on the surface as  POxCyHz species 

based on a small P and C signal a subsequent Auger Electron Spectrum  (Fig. S4), in 

agreement with earlier work on TiO2(110)28,119,120. 

Figure 3: Temperature programmed desorption/reaction of DMMP on reduced TiO2(110) shows that 
DMMP desorbs intact from the titania surface between 200 K and 500 K, while only minor amounts 
of methanol and formaldehyde are detected. No other reaction products were detected. Adsorption 
of DMMP was carried out at 200 K to avoid multilayer formation at 190 K.108 The concomitant 
desorption of methanol and formaldehyde coincides with the temperature were methoxy 
disproportionation is observed on the TiO2(110) surface.114

Molecular desorption of DMMP around room temperature from oxide surfaces has 

commonly been observed for reducible oxides including Ce16 and Ti added with Cu, Au, 

Pt and Ni clusters. 28,119,120 In contrast, DMMP reacts at room temperature due to the 

presence of metal cation sites and additional oxygen adatoms on a thin film of 
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Fe3O4(111).108 In agreement with studies on powdered materials,20,21 thermal energy 

greater than that at room temperature is needed to form methyl methylphosphonate and 

adsorbed methoxy from DMMP. 

DMMP adsorption and decomposition on the pristine r-TiO2(110)

Two favorable geometries of molecular DMMP bound to the perfect r-TiO2(110) surface 

were identified from our DFT calculations (Fig. 4). One DMMP molecule is adsorbed on 

the (2x4) r-TiO2(110) unit cell, hence corresponding to a low coverage of 1/8 ML (1 

molecule for 8 Ti5c surface atom). Interaction between the oxo (OI) atom and 5-coordinate 

Ti (Ti5c) is most favorable, with an adsorption energy of -2.35 eV (-227 kJ/mol). This 

geometry (S1) is stabilized by an interaction between the oxygen on one methoxy (OII) 

and a neighboring Ti5c (fig. 4 left), with the methoxy tilting towards the surface. This 

geometry agrees well with past literatures.68,121–125 The distance between OI to its nearest 

Ti5c is 2.11 Å (primary interaction) compared to a Ti-OII distance of 2.42 Å (secondary 

interaction). This binding mode is called 2, since two O atoms from the molecule interact 

with the surface. The other stable adsorption geometry with adsorption energy of -1.71 

eV (-164 kJ/mol) involves only the OI-Ti5c interaction (fig. 4 right), hence called 1 and is 

significantly less stable. 
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Figure 4: Molecular adsorption of DMMP on pristine r-TiO2(110) at low coverage. Most stable 
adsorption mode (2, left) with adsorption energy of -2.35 eV and second most stable adsorption 
mode (1, right) with adsorption energy of -1.71 eV. Roman numerals subscripts have been used to 
distinguish the different oxygen and carbon atoms.

Since experiments show a saturation coverage at 200K, we also examined situations of 

high coverage, including lateral interactions. This was performed by adsorbing 2 to 4 

molecules on the (2x4) or (2x3) surface unit cells, describing coverage values between 

1/8 and 2/3 ML. Figure 5 shows the DMMP differential adsorption energy as a function of 

coverage. For each coverage, only one molecule is desorbed, and that molecule can be 

either a 2 or a 1 binding mode depending on the considered structure. If inequivalent 

molecules are present on the surface, the one presenting the weakest adsorption energy 

is removed, so that the most strongly bound adsorbates remain on the surface. Details 

on structures can be found in supporting information (see SI pages 7-10 and Fig. S5-S8). 

Figure 5 shows a marked decrease of the DMMP differential adsorption energy upon 

coverage increase, with a range of adsorption energies between -2.35 eV for the low 

coverage to -0.7 eV for 2/3 ML. The adsorption energies of the 1 modes remain 0.64 to 

0.39 eV less stable than that of the 2 geometries. Beyond 0.5 ML coverage, the 

additional DMMP molecule can only weakly interact, with an adsorption energy of -0.7 

eV, mainly by van der Waals and electrostatic interactions, the O(DMMP)…Ti distance 

being 3.99 Å. The range of weaker adsorption energy at high coverage is consistent with 

the measured distribution of desorption temperatures. 
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Figure 5: Influence of DMMP coverage on the differential adsorption energy (eV) on r-TiO2(110). 
Coverage explored: 1/8, 1/3, 1/2, and 2/3 ML. (ML corresponds to the number of DMMP adsorbed 

per available Ti5c sites; 1/8ML = 1DMMP/8Ti5c sites). 

The decomposition reactivity has been studied at low molecular coverage. Indeed, 

experiment show that the initial process is DMMP desorption until a lower coverage is 

reached and reactivity can occur at high temperature. Upon molecular adsorption of 

DMMP, three different decomposition pathways can be initiated: (1) cleavage of a P-

OCH3 bond, resulting in the adsorption of a methoxy (ODCH3, the D subscript meaning 

that the O atom is coming from DMMP) on a surface Ti5c, (2) cleavage of a O-CH3 bond, 

resulting in the adsorption of a methyl group on surface O2c and therefore formation of a 

OsCH3 unit, the s subscript meaning that the O atom comes from the surface, or (3) 

cleavage of the P-CI bond, forming also a OsCH3 unit. Our calculations show that the P-

CI bond cleavage is not favored thermodynamically on TiO2, so that reaction pathways 

were not explored. Thermodynamic analysis of pathways following P-CI bond cleavage is 
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featured in the supporting information (page 11 and fig. S9). The C-H bond cleavage 

pathway was not studied since there is no experimental evidence for this reaction.26

Figure 6 shows the energy profile for the DMMP decomposition on the pristine r-TiO2(110) 

surface initiated by the cleavage of the P-OII bond. Starting from the most stable 

adsorption mode of DMMP (structure S1, Fig.4), the cleavage of the P-OII bond yields an 

intermediate S2 that is thermodynamically downhill by 0.37 eV (36 kJ/mol). However, the 

path towards breaking this bond has a very high barrier. The activation barrier for the 

cleavage of the P-OII bond (path S1-S2) is 2.18 eV (210 kJ/mol). The transition state 

involves breaking of the P-OII bond and creation of the O2c-P bond on the opposite side 

of the P atom, completing the methoxy transfer onto Ti5c through a 5 coordinated trigonal 

bi-pyramid like P environment (see SI figure S10 for distances). The structure of the rutile 

surface and the adsorption mode of DMMP are such that P is initially far from the O2c 

atom (3.77 Å). The pathway is hence rather long, involving a strong rearrangement of the 

molecule, and as a result the barrier is high, since the P-OII bond breaking and O2c-P 

bond formation cannot be completely simultaneously, but rather more sequentially.

Following the initial P-OII bond cleavage (fig. 6, S2), intermediate S2 may opt to cleave 

the OIII-CIII yielding intermediate S2a or cleave the P-OII bond, yielding intermediate S2b. 

The breaking of an OIII-CIII bond of S2 transfers a methyl onto a surface bridging O2c. 

Despite yielding a more stable intermediate (S2a) by 0.71 eV (69 kJ/mol) in comparison 

to the P-OIII bond cleavage (S2b), the barrier to breaking the OIII-CIII bond is high: 2.21 

eV (213 kJ/mol) from S2. 
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The alternative, breaking the P-OIII bond is thermodynamically uphill by 0.97 eV (94 

kJ/mol), transferring another methoxy onto a surface Ti5c. This step yields an intermediate 

where the P center is interacting with a surface O3c (fig. 6, S3) to maintain tetrahedral 

coordination for the organophosphorus, keeping the system stable. The energy barrier to 

break the P-OIII bond in a second step (1.44 eV, 139 kJ/mol) is still high, but lower than 

that of the first step (P-OII). 

Figure 6: Electronic energy diagram of the decomposition pathway of DMMP initiated via P-OCH3 
bond cleavage on pristine r-TiO2(110). 

Table S3 shows the predicted kinetic rate constant at 300K and 600K for each 

decomposition step of DMMP on a pristine surface. A quick glance shows that the reaction 

would not likely proceed on the pristine surface even at elevated temperatures. This is 
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not surprising as the first step to initiate full decomposition has a high energy barrier to 

break the initial P-OCH3 bond. Therefore, decomposition starting from P-OCH3 bond 

cleavage is unlikely on the pristine r-TiO2(110) surface.

The decomposition pathway initiated via the O-CH3 bond cleavage for DMMP on the 

pristine surface is depicted in figure 7, with intermediates showcased in the green boxes 

representing the pathway initiated with OII-CII cleavage and intermediates in the red boxes 

representing the pathway initiated with OIII-CIII cleavage. 

Figure 7:  Reaction pathway for DMMP decomposition on the pristine TiO2 (110) surface via OII-CII 
and OIII-CIII bond cleavage. Intermediates of decomposition initiated with OII-CII cleavage are shown 
in green boxes (path a), whereas intermediates of decomposition initiated with OIII-CIII cleavage are 
shown in red boxes (path b).
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Following the pathway initiated with OII-CII bond cleavage (Figure 7, path a, green), the 

activation barrier for initial OII-CII bond breaking is high at 2.17 eV (209 kJ/mol, TS1a). 

This high barrier indicates that the breaking of the OII-CII bond is highly unlikely at room 

temperature due to the molecular distortion required to get CII close to a surface O2c. This 

OII-CII cleavage is nevertheless yielding an intermediate S2a which is more stable by 0.93 

eV (89 kJ/mol) compared to the initial adsorption state. This stability of the intermediate 

after OII-CII cleavage is explained by the fact that P retains its preferred tetragonal 

coordination, including two O-Ti5c bonds, but again the path to reach this stable 

intermediate is very unlikely. Further decomposition possibilities beyond the S2a 

intermediate include breaking the OIII-CIII bond as it is already well-positioned above a 

surface O2c. OIII-CIII cleavage occurs via an SN2-like attack of O2c on CIII, with inversion of 

configuration. This step nevertheless requires overcoming a barrier of 1.78 eV (172 

kJ/mol, TS2a). After the cleavage of OII-CII and OIII-CIII bonds, the phosphorus-containing 

product remains in the phosphonate form and is more stable by 0.62 eV compared to 

molecularly adsorbed DMMP. This decomposition pathway initiated by OII-CII is however 

associated with high barriers. 

The alternate pathway initiated with the OIII-CIII bond cleavage is described as path b in 

figure 7 (in red). As explained before in the second step of path a, the OIII-CIII bond itself 

is already close to a surface O2c, which is ideal for SN2-like attack by O2c, with inversion 

of configuration at the carbon. The direct OIII-CIII bond cleavage as a first step yields 

intermediate S2b, which includes an OsCH3 species (s denotes surface oxygen) and is 

more stable by 0.29 eV than molecular adsorption. The barrier for this step is only 1.2 eV 

(115 kJ/mol, TS1b), much smaller than that of the previously described OII-CII cleavage, 
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due to the much more favorable position of the CH3 group with respect to the bridging 

O2c. Following the transfer of methyl to the surface, a second C-O cleavage (OII-CII) is not 

favorable (as seen before), but the remaining P fragment has an option to break the P-

OII bond, transferring a methoxy group on a surface Ti5c atom and forming intermediate 

S2b including a ODCH3 fragment. The transition state (TS2b) for this step requires 

sideways rotation of O=P(O)CH3 to ensure that the P center retains its tetrahedral 

coordination. The energy barrier for this step is however still high at 1.73 eV, so that this 

reaction is slow even at 600K. The remaining organophosphate product on the surface 

(S3b) shows similar stability in comparison to intermediate S2b.

Tables S4 and S5 show the calculated rate constant for DMMP decomposition initiated 

by OII-CII and OIII-CIII bond cleavages at 300 K and 600 K. The table shows that 

decomposition via the C-O bond is kinetically possible at high temperatures (600K) and 

that it would initiate via OIII-CIII cleavage, not OII-CII. It also shows that the rate constant 

at 600 K for the second step of P-O cleavage forming ODCH3 is low (0.04 s-1)). 

Further surface methoxy reactivity on the pristine r-TiO2(110) surface

The pathways of DMMP decomposition on the pristine TiO2 surface can produce at 

around 600K surface methyl groups (OSCH3) and with much lower rate methoxy groups 

(ODCH3). We consider here the further transformation of these species to check if gas 

phase molecules can be produced. We include ODCH3 to be exhaustive, although its rate 

constant of formation is low at 600K. The formation and desorption of methanol and 

formaldehyde from two Os-CH3 species are highly endothermic (see Fig S11 in the SI) 

since it would require the formation of two O vacancies and is hence not possible at all. 
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The reaction between OSCH3 and ODCH3 is also unfavorable (Fig S12). One possible 

reactivity is the formation of formaldehyde from the dehydrogenation of ODCH3. The 

energy profile is shown in figure 8. The formation of formaldehyde is endothermic by 0.54 

eV on the surface, and by at least 1.64 eV in the gas phase. This path would hence 

require very high temperature: at 600K the desorption is still endergonic by 0.17 eV.

Figure 8:  Reaction pathway for the disproportionation reaction between OsCH3 and ODCH3 resulting 
from DMMP decomposition on the pristine TiO2(110) surface. 

Surface diffusion could promote reactivity between otherwise separated fragments. We 

probed the diffusion of ODCH3 and H on the r-TiO2(110) surface. Diffusion of these 

species along the rows of the (110) surface is easy at reaction temperature (~600K) (with 

barriers of 0.99 and ~0.8 eV, respectively), however diffusion in the direction 

Page 20 of 55Physical Chemistry Chemical Physics



21

perpendicular to the rows is difficult (for example the diffusion of H from O2c to O3c 

produces an intermediate that is thermodynamically uphill by 1.1 eV). Hence isotropic 

diffusion is not possible on the surface and as a result the reaction between two ODCH3 

produced by the decomposition of distinct DMMP molecules is improbable. Surface 

ODCH3 fragments need to be formed in close proximity to efficiently react. This might not 

be the case for the pristine surface where each DMMP can give only one surface ODCH3.

DMMP adsorption and decomposition on r-TiO2(110) with O vacancy

The most stable molecular adsorption of DMMP on the TiO2 (110) surface with a surface 

bridging vacancy occurs via an interaction between the oxo OI of DMMP and the oxygen 

vacancy, with additional interaction of oxygen of DMMP methoxy group (OII) and 

neighboring Ti5c (fig. 9). This configuration is similar to the configuration on the pristine 

TiO2 surface, except that now OI is occupying the defect site instead of interacting with a 

surface Ti5c. This conformation yields an adsorption energy of -2.29 eV (221 kJ/mol). The 

OI to Ti6c (resp. OII to surface Ti5c) distance is 2.11 Å (resp. 2.42 Å). 

Though the P=O group prefers to occupy the vacancy, the presence of the oxygen 

vacancy counterintuitively slightly decreases the adsorption energy (by 0.06 eV) 

compared to the pristine surface.  This is because the formation of the oxygen vacancy 

leaves two electrons on the surface Ti5c atoms, therefore reducing the Lewis acidity of 

titania, and slightly weakening the OII-Ti5c interaction. However, structure-wise, DMMP is 

now able to interact more with the surface in the sense that the P atom is closer to the 

surface O2c oxygen, which should facilitate the cleavage of either the P-OII or the OIII-CIII 

bond in DMMP while preserving the P tetrahedral coordination.
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Our aim here is to understand the local impact of the O vacancy on DMMP adsorption, 

so only low coverage adsorption was considered, assuming that similar high coverage 

adsorption would occur on the defective surface, compared to the pristine one. Similar to 

the case on the pristine surface, we will investigate DMMP decomposition via 3 channels, 

P-OCH3, O-CH3 and P-CH3 bond cleavage. Again, the P-CH3 cleavage is not favored 

thermodynamically (see supporting information page 16 and fig S13). 

Figure 9: Side (left) and top (right) views of the most stable molecular DMMP adsorption form on r-
TiO2(110) with an oxygen vacancy. OI occupies the oxygen vacancy with an extra interaction of a 
DMMP methoxy group (OII) with surface Ti5c. 

Starting from the adsorbed state (fig. 9), DMMP decomposition may be initiated via P-OII 

bond cleavage, forming a methoxy group on a surface Ti5c and a methyl 

methylphosphonate (MMP) fragment whilst adding a new bond between P and surface 

O2c. Figure 10 shows these DMMP decomposition pathways on the surface with O 

vacancy.
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Figure 10: DMMP decomposition initiated via P-OII bond cleavage on r-TiO2(110) with one O vacancy. 
Intermediates in green and blue depict decomposition following two possible isomers resulting 
from P-OII bond cleavage. 

 There are two possible isomers for the intermediate after P-OII bond cleavage (fig. 11), 

corresponding to the two ways in which P could interact with O2c after P-OCH3 bond 

cleavage. In both cases, the barrier to cleave the P-OCH3 bond on the defective surface 

is significantly lower than that on the pristine surface, mainly for a geometric reason. P is 

geometrically closer to the surface O2c which helps stabilize it by coordinating with the 

surface upon P-OCH3 bond cleavage.
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Figure 11: Intermediate isomers upon P-OII bond cleavage on defective TiO2(110). (left) the 
remaining CH3O substituent on P (OIII-CIII) is pointing away from the adsorbed methoxy resulting 
from cleavage (S2gr in figure 10, energy: -2.25 eV); (right) the remaining CH3O on P (OIII-CIII) is 
pointing towards the adsorbed methoxy resulting from cleavage. (S2bl in figure 10, energy: -2.37 
eV).

The first isomer (fig. 11, left) corresponds to the case where the methoxy substituent of 

the remaining methyl methylphosphonate (MMP) (OIII-CIII) is pointing away from the 

cleaved methoxy group, and it will start the ‘green pathway’. The second isomer (fig. 11, 

right) has a methoxy substituent of MMP (OIII-CIII) on the same side as the adsorbed 

methoxy (OII-CII). The pathway following this second intermediate will be denoted as the 

‘blue pathway’. Both isomers have similar adsorption energy as can be expected, -2.25 

eV and -2.37 eV for S2 on green and blue pathways, respectively (Fig. 10). This indicates 

that the P-OCH3 bond cleavage yields intermediates with similar stability as the 

molecularly adsorbed DMMP (E = -2.29 eV). The barrier to cleaving the first P-OCH3 bond 

is 1.47 eV and 1.41 eV for the green and blue pathways respectively, which is smaller by 

around 0.77 eV compared to the case of the pristine surface. The transition state for each 

isomer (TS1bl or TS1gr) involves P interacting with bridging O2c rows prior to the P-OCH3 

bond cleavage (SI fig S14).
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The second decomposition step can happen via the breaking of the second P-OCH3 bond 

from the remaining MMP intermediates (S2gr or S2bl). Due to the difference in the 

methoxy group position between the two MMP intermediate isomers, subsequent 

breaking of the P-OCH3 bond leads to the formation of the second methoxy on different 

Ti5c rows (fig. S15). Both cases are slightly endothermic. Following the green pathway, 

subsequent breaking of the P-OIII bond forms an intermediate (S3gr in fig. 10 and fig. 

S15) which is less stable by 0.24 eV (23 kJ/mol) with respect to the molecularly adsorbed 

DMMP. P clearly tries to conserve its tetrahedral coordination as it creates a new bond 

with surface O3c upon P-OIII bond cleavage. This configuration forces Ti6c underneath P 

to shift downwards by 0.64 Å. The barrier to breaking the P-OIII is moderate (1.43 eV).

On the blue pathway, after the second P-OCH3 bond cleavage (P-OIII), both methoxy 

groups are adsorbed on the same Ti5c row (fig. S15 right). This intermediate (S3bl) is 

however high in energy, less stable than its equivalent isomer in the green pathway by 

0.21 eV, and by 0.45 eV (43 kJ/mol) with respect to the molecularly adsorbed DMMP. 

This is likely due to the proximity of the two adsorbed methoxy groups. The barrier to 

breaking P-OIII bond through this isomer is however slightly lower (1.21 eV, 117 kJ/mole). 

Overall, the energy barriers that are required to be passed remain significant (1.4-1.5 eV) 

so that at room temperature, the kinetic rate constant for every decomposition step is 

extremely small, like those on a pristine surface. However, the decomposition becomes 

possible at around 600 K (rate constant ~10 s-1) and the decomposition rate is 6 orders 

of magnitude faster than that on the pristine surface (tables S6 and S7).
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Figure 12 depicts the reaction pathway initiated via O-CH3 bond cleavage of DMMP on 

the defective surface. Upon adsorption, there are again two possible O-CH3 bonds to 

cleave, OII-CII which interacts with surface Ti5c, and the OIII-CIII bond which weakly 

interacts with bridging O2c row via van der Waals interactions. 

Figure 12: DMMP decomposition initiated via O-C bond cleavage on r-TiO2(110) with one O vacancy. 
Intermediates in black (resp. in blue) correspond to decomposition starting from OII-CII bond 
cleavage, path a (resp. OIII-CIII bond cleavage, path b).

The path initiated via the OII-CII bond cleavage (denoted as the black path (a) in figure 

12), is exothermic and yields a stable intermediate (S2a, -3.51 eV), just as it was shown 

already in the case on the pristine surface, leaving a methyl on the opposite bridging 

oxygen row of the remaining P fragment. This intermediate is 1.22 eV more stable than 
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the adsorption state. The barrier to cleave this bond through TS1a is 1.42 eV, which is 

much smaller than the barrier for OII-CII cleavage on the pristine surface (2.17 eV). In the 

case of the O vacancy surface, DMMP is rotated by 90° around the vertical axis, since 

the P=O group interacts with the vacancy instead of the Ti5c, and this provides a much 

better initial position to cleave the OII-CII bond. A second decomposition step could follow 

with the OIII-CIII bond cleavage, yielding S3 but the barrier is high (1.78 eV). 

The path initiated via OIII-CIII bond cleavage (denoted as the blue path b in figure 12), 

yields also a stable intermediate (S2b), 0.91 eV more stable than chemisorbed DMMP, 

leaving a methyl on the same bridging oxygen row, beside the remaining 

P(OTi)2(CH3)(OCH3) surface species. The barrier to cleave this bond is 1.25 eV, which is 

very similar to the value for the same OIII-CIII cleavage on the pristine r-TiO2(110) (1.20 

eV, Fig. 7). A second decomposition step can follow with the OII-CII bond cleavage. The 

formed intermediate (S3) is 0.46 eV more stable than S2b but the barrier to cleave this 

OII-CII bond is rather high, 1.96 eV. Altogether, the easiest C-O cleavage reactivity is not 

significantly modified on the TiO2 surface with O vacancy, being still the OIII-CIII 

dissociation with a very similar barrier compared to the pristine surface.

For both the blue and the black pathways of figure 12, we investigated the P-OCH3 bond 

cleavage as a potential second step after the first O-C cleavage, but this was found to be 

unfavorable (See SI figure S16). 

The minimum barrier for decomposition via O-C bond cleavage on the defective surface 

is hence mostly unchanged by the presence of the O vacancy. It would hence only occur 

at high temperature (~600 K), where the first dissociation step either via OII-CII or OIII-CIII 
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bond cleavage (TS1a and TS1b) proceeds considerably fast, but further decomposition 

remains difficult (SI tables S8 and S9).

Further surface methoxy reactivity on the r-TiO2(110) surface with O vacancy

We will start from the intermediate species after two P-O bond cleavages (S3bl from fig. 

10) that contain two neighboring ODCH3, a configuration hence favorable for the formation 

of formaldehyde and methoxy. The energy diagram is shown in figure 13, while the free 

energy profile at 600K and the overall thermodynamics as a function of temperature are 

provided in SI Figure S17 and S18, respectively. The C-H bond cleavage on one ODCH3 

group occurs with a barrier of 1.20 eV (116 kJ.mol-1) producing η1 formaldehyde and OsH. 

The transfer of H reduces the Ti5c site which hosts the formaldehyde. The Os-H and H-

CH2O distances are 1.20 Å and 1.40 Å respectively. The diffusion of the proton along the 

row enables the transformation to η2 formaldehyde, a process that is stabilizing by 0.93 

eV with a barrier of 0.8 eV. The formation of η2 formaldehyde has previously been 

experimentally seen in the literature.118,126,127 The proton can then be transferred to the 

second methoxy group forming methanol with a very low barrier (0.26 eV). Desorption of 

formaldehyde and methanol can then proceed, but with significantly positive desorption 

energies so that the process would only happen at a temperature of ~600 K (desorption 

is calculated to be favorable in free energy by 0.37 eV at 600 K). An alternative pathway 

consists in desorbing the  formaldehyde as soon as it is formed, which is endothermic 𝜂1

by 0.93 eV then combines the remaining proton on the surface with methoxy to form 

methanol than can desorb.
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Figure 13 Reaction pathway for methoxy disproportionation reaction forming formaldehyde and 
methanol between 2 OsCH3 resulting from DMMP decomposition on the TiO2(110) surface with one 
O vacancy. 

The key point of that reactivity study of surface methoxy groups is that the barriers are 

moderate (effective barrier ~1.3 eV) hence lower than that for DMMP decomposition. 

Formaldehyde and methanol desorption will then occur as soon as neighboring ODCH3 

fragments are formed by consecutive P-O cleavage. 

Discussion

Our experiments and calculations concur on a high coverage of DMMP at low 

temperatures. Upon temperature increase the first process is desorption of the weakest 

bound DMMP, first molecules with only van der Waals and electrostatic interactions 
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(Eads~0.7 eV) around 300K, then η1 bound molecules (Eads ~1.1-1.4 eV) around 400-

500 K. At higher temperature desorption of η2 molecules starts to proceed, in competition 

with their decomposition initiated around 600 K.

The decomposition reactivity pathways of DMMP in r-TiO2(110) strongly depend on the 

presence of O vacancies. On pristine r-TiO2(110), our DFT calculations show that 

decomposition by P-CH3 bond cleavage is thermodynamically unfavorable, while P-OCH3 

cleavage leads to stable intermediates, but shows a very high barrier (2.18 eV or 210 

kJ/mol) and is therefore kinetically very slow. The only reasonable reactivity would be the 

cleavage of one of the O-CH3 bonds, with a barrier of 1.2 eV (116 kJ/mol) which can be 

passed at ~600K, transferring a methyl group on the bridging oxygen row and forming an 

Os-CH3 fragment. It is interesting to note that the transfer of the methyl group from DMMP 

to the O atom on the surface occurs with the inversion of the configuration at the carbon. 

However, the formation and desorption of methanol and formaldehyde from two Os-CH3 

species, requiring the formation of two O vacancies, is highly endothermic. Further 

decomposition from the product of O-C bond cleavage could occur through P-O bond 

cleavage, with a barrier of 1.73 eV, still corresponding to a low rate at 600 K. We showed 

however that further reactivity of the eventually produced single ODCH3 fragment is 

thermodynamically difficult and that diffusion that could bring two methoxy species 

together is very slow perpendicular to the rows of the substrate. This suggests that the 

decomposition of DMMP on the pristine TiO2 surface, by C-O bond and then P-O bond 

cleavage, although possible at a high temperature cannot easily provide gas-phase 

products.
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The r-TiO2(110) surface with an O vacancy is markedly more reactive for P-O bond 

cleavage, generating a methoxy group ODCH3 and MMP, with a barrier of 1.4 eV, reduced 

by 0.7 eV compared to pristine r-TiO2. Further decomposition by the second P-O cleavage 

shows similar barriers. Upon P-O bond cleavage, the formed MMP fragments require to 

be stabilized by an additional interaction between P and a titania surface O, to 

compensate for the broken P-O bond. On the pristine surface, this additional P-O 

interaction cannot be formed easily because DMMP is chemisorbed with the P atom 

relatively high on the surface, so the reaction requires an important re-orientation of the 

molecule. The presence of the O vacancy enables a chemisorption mode of DMMP closer 

to the surface, hence making the rebinding of the P atom more facile, and hence 

stabilizing the transition state.  In the presence of an O vacancy, P-O cleavage on DMMP 

becomes possible at a temperature of ~ 600 K (SI table S6-S7). The formed neighboring 

surface methoxy species can desorb as methanol and formaldehyde by 

disproportionation. The transformation of two ODCH3 surface species in gas phase 

methanol and formaldehyde is proceeding with barriers that are lower than that of the 

decomposition of DMMP and is calculated to be thermodynamically favorable by 0.37 eV 

at 600 K. This contrast with the case of the pristine surface where desorption of 

formaldehyde is endergonic by 0.17 eV at that same temperature. 

We then conclude that DMMP molecules chemisorbed in the vicinity of an O vacancy can 

undergo at ~600 K two P-OCH3 bond cleavages, yielding two neighboring methoxy 

groups that can evolve into formaldehyde and methanol gas-phase product. In contrast, 

DMMP molecules chemisorbed far from O vacancy can undergo one C-O and, with lower 

rate, one P-O bond cleavage but can less favorably produce gas-phase products. Results 
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from calculations are in good agreement with our TPD experiment, where the amount of 

formaldehyde and methanol products is similar to that of the number of O vacancies on 

the surface. This combination of experiment and calculations shows that O vacancies are 

the main active site for the high temperature decomposition of DMMP by double P-O bond 

cleavage, yielding formaldehyde and methanol.

Previous surface science experiments in the literature on the decomposition of DMMP on 

r-TiO2(110) saw different products (methane and H2).26 As we have shown here, the 

reactivity of that surface is strongly dependent on the presence of O vacancies. We 

hypothesize that the r-TiO2(110) surface in the previous experiments had a high level of 

reduction with a high coverage of O vacancies. Surface methoxy species can produce 

methyl and methane on highly reduced TiO2 samples.118,128 Our experiments are 

performed with less than 2% of a monolayer of O vacancies so that we did not detect any 

other products than formaldehyde and methanol.

The single-crystal surface used here shows distinct reactivity compared to high surface 

area powder TiO2 samples. As presented in the introduction, powder TiO2 shows a higher 

reactivity towards DMMP, with P-O cleavage around room temperature. We showed here 

that defects in TiO2 are very important for the DMMP decomposition reactivity, and 

powder TiO2 presents a large number of defects, notably surface OH groups which are 

not present in our highly dehydrated single crystal surface. These hydroxyl groups have 

been proposed as active sites for DMMP reactivity on powder TiO2.19,25,30 Additionally, 

DMMP decomposition on other metal oxides such as Al2O3 and MOF suggests that 

surface hydroxyl promotes the P-OCH3 bond dissociation.6,34,35,129 
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Several calculated pathways involving the O-CH3 bond and P-OCH3 cleavages on the 

pristine and partially reduced r-TiO2(110) show high barriers but produce surface species 

after decomposition which are more stable than DMMP. This indicates that if the bond 

cleavage steps are accelerated by a catalyst, the decomposition products of DMMP can 

be efficiently stabilized on r-TiO2 surfaces. This suggests that TiO2 is a good candidate to 

serve as efficient support for dispersed metal catalysts (nanoparticles or single atoms) for 

DMMP oxidative decomposition, in the sense that P containing products could migrate 

and be stabilized on the TiO2, hence freeing the main catalytic site (nanoparticles) for 

further reaction. 

Conclusion

In this work, we have performed DFT calculations and TPD experiments on thermal 

DMMP decomposition on both pristine and defective surfaces of TiO2(110). Molecular 

adsorption on a pristine surface happens via the interaction of the oxo (P=O) oxygen with 

surface Ti5c centers, with an additional interaction from one methoxy group with a 

neighboring Ti5c. On the defective surface, DMMP adsorbs with the oxo (P=O) oxygen 

occupying the vacancy site, still completed by binding of a methoxy group on Ti5c. A strong 

dependence of DMMP adsorption energy on coverage is found in our calculations, from 

weakly bound molecules (Eads=-0.7 eV), to covalently bound 1 molecule (Eads= -1.2 to 

-1.7 eV), to strongly bound 2 configurations (Eads=-1.7 to -2.35 eV). The reactivity of the 

TiO2(110) surface is shown to be overall low, with mainly molecular desorption and only 

a small fraction of methanol and formaldehyde decomposition products seen from TPD 
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at around 650K. In addition, the amount of products is similar to the number of O 

vacancies on the surface. 

Our calculations explore the possibility to decompose chemisorbed DMMP by P-O, C-O, 

and P-C bond cleavage. P-C bond breaking is found to lead to thermodynamically 

unstable decomposition products. P-OCH3 bond dissociation is thermodynamically 

possible but kinetically hindered on the pristine r-TiO2(110) surface.  Oxygen vacancy on 

r-TiO2 is essential to reduce the energy barrier for P-OCH3 breaking and make that 

reaction kinetically possible at around 600 K. For stability reasons, the cleaved P-O bond 

in DMMP must be replaced by the formation of a new P-O bond with surface oxygen. The 

geometry of DMMP on the pristine r-TiO2 surface is such that these reactive elementary 

steps cannot be concerted, and thus the barrier is high. In the presence of an oxygen 

vacancy, DMMP lies closer to the surface, reducing the barrier by ~0.7 eV. The formed 

surface methoxy groups (ODCH3) can desorb as methanol and formaldehyde at ~600 K, 

in good agreement with our TPD experiments. DFT also shows that O-C bond cleavage 

of DMMP is a viable pathway at high temperature (600K) for DMMP decomposition on 

the pristine surface and the surface with O vacancies. This first C-O cleavage can be 

followed by P-O dissociation on the pristine TiO2 surface. However, that decomposition 

channel can less favorably yield gas-phase products, making the O vacancy-assisted 

double P-O bond cleavage the main channel for formaldehyde and methanol production 

at around 600 K on r-TiO2(110). 

Our study also reveals that, upon decomposition, P-containing residues stay on the 

surface even after heating up to 750 K, indicating that r-TiO2(110) is a good support to 

trap the DMMP decomposition products. The strong adsorption of DMMP and excellent 
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stability of intermediates upon decomposition make TiO2 a support of choice for DMMP 

oxidation catalysts since it enables the storage of the reaction products. 
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