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Abstract. (200 words) 

Organophosphonates range in their toxicity and are used as pesticides, herbicides, and chemical 
warfare agents (CWAs). Few laboratories are equipped to handle the most toxic molecules, thus 
simulants are used as a first step in studying adsorption and reactivity on materials. Dimethyl 
methylphosphonate (DMMP) is one of the most common non-toxic simulants. Benchmarked by 
combined experimental and theoretical studies of simulants, calculations offer an opportunity to 
understand how molecular interactions with a surface changes upon using a CWA which can not 
be investigated in a common laboratory setting. However, most calculations of DMMP and 
CWAs on surfaces are limited to adsorption studies on clusters of atoms, which may differ 
markedly from the behavior on bulk solid-state materials with extended surfaces. We have 
benchmarked our solid-state periodic calculations of DMMP adsorption and reactivity on MoO2 
with ambient pressure X-ray photoelectron spectroscopy studies (APXPS). DMMP is found to 
interact strongly with polycrystalline MoO2, a model system for the MoOx component in the 
ASZM-TEDA© gas filtration material. Density functional theory modeling of several adsorption 
and decomposition mechanisms assist the assignment of APXPS peaks. Our results show that 
DMMP decomposes with all the products remaining on the surface. The rigorous calculations 
coupled with a direct experimental probe of electronic structure pave a path to reliable and 
predictive theoretical studies of CWA interaction with surfaces.  

 

Keywords: chemical warfare agent simulant, solid-state periodic calculations, DMMP, 
organophosphonate  
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Introduction 

Use of chemical warfare agents (CWAs) will unfortunately remain a persistent safety concern in 

society for the foreseeable future. Different chemicals consisting of a broad range of functional groups are 

used as CWAs. Among the most toxic of these chemicals are the organophosphonates. 

Organophosphonate toxicity ranges from benign to deadly, resulting in their use as pesticides, herbicides, 

and CWAs [1]. In all of these utilizations, there is a need to protect personnel from exposure to these 

molecules, to accurately detect minute amounts, and to decompose stockpiles. To improve the current 

detection, protection, and decomposition technologies, a better understanding of the fundamental 

chemistry of organophosphonates with a range of materials is necessary.  

Facilities to conduct experiments to understand how chemical warfare agents interact with 

materials and surfaces are understandably rare. As a first step, CWA simulants are used, with dimethyl 

methylphosphonate (DMMP) being one of the most common [1]. The phosphoryl oxygen and methoxy 

groups give a first approximation to sarin, soman, and VX, pictured in Figure 1. DMMP lacks a strong, 

electronegative leaving group, which renders it safe to use yet deficient in mimicking all aspects of the 

electronic structure of the more toxic molecules. Density functional theory (DFT) calculations afford an 

opportunity to close the knowledge gap between simulants and live agents; additionally, dependably 

accurate calculations will reduce the number of experiments with live agents. However, before modeling 

reactions of real CWAs, the ability of DFT methods to reliably predict decomposition mechanisms of 

organophosphonates on surfaces needs to be verified. Joint experimental and theoretical studies of 

surface-facilitated degradation of CWA simulant compounds should, therefore, benchmark DFT 

performance for modeling and also provide valuable insight in reaction mechanisms.   

Due to its relative structural simplicity and decreased toxicity, the chemistry of DMMP on some 

metal oxides [2–8] has been studied. Results of these experimental studies suggest that DMMP initially 

adsorbs at Lewis acid sites or surface hydroxyls via its phosphoryl (P=O) oxygen. Subsequent surface-

facilitated decomposition of DMMP usually leads to formation of gas-phase methanol, gas-phase 
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dimethyl ether, and surface-bound methoxy groups through breaking of one of the P-OCH3 bonds. Two 

main mechanisms, so called electrophilic and nucleophilic attacks, have been proposed for P-OCH3 bond 

breaking. Both of these mechanisms involve formation of a reaction intermediate with a penta-

coordinated phosphorus atom and the interaction between DMMP and surface hydroxyl groups. The 

results of recent DFT modeling suggest that hydrolysis of a P-OCH3 bond through nucleophilic addition 

of a surface OH group dominates DMMP decomposition on zirconium hydroxide [9] and zirconium-

based metal organic frameworks [10]. However, there is very little known on decomposition of CWA 

simulants on pristine oxide surfaces and the effect of surface morphology on reactivity of these 

compounds. In our recent study [11], we proposed mechanisms for the fragmentation of DMMP on 

copper (II) oxide that are based on results of ambient pressure X-ray photoelectron spectroscopy 

(APXPS) measurements supported by diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) experiments and DFT modeling. The proposed mechanisms and structures describe well the 

changes in the electronic properties and vibrational frequencies observed in APXPS and DRIFTS results. 

However, we were not able to obtain activation barriers for the main reactions steps due to the complexity 

of the system.                     

In a further step towards predictive calculations of CWAs on surfaces, we here report results of 

joint APXPS and DFT studies of adsorption and decomposition of DMMP on polycrystalline MoO2, a 

model for the MoOx component in ASZM-TEDA© gas filtration materials [12]. Beginning with the 

adsorption of DMMP on polycrystalline MoO2, APXPS measurements at pressures up to 10 mTorr of 

DMMP were analyzed. This technique allows for the collection of chemical state and semi-quantitative 

elemental information under pressures closer to those used in under realistic operating conditions. Here, 

the pressure of DMMP in the experiment was about 10% of its equilibrium vapor pressure at room 

temperature. Results of DFT modeling were then used to study adsorption and fragmentation of DMMP 

on MoO2 and provide energies of reactions, activation barriers and relative shifts in the core level binding 

energies, thus aiding the interpretation of the APXPS data.  In the following we will provide a detailed 
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description of the decomposition of DMMP - as a example for organophsphorus compounds - on oxide 

surfaces performed using advanced APXPS measurements coupled with state-of-the-art solid state 

periodic calculations. The good qualitative agreement between experiment and theory affords detailed 

insights into the mechanisms of DMMP decomposition on MoO2 and provides the necessary foundation 

for a future theoretical study of sarin interactions with MoO2.    

 

Figure 1. Structures of chemical warfare agents (a) sarin, (b) VX, (c) soman.  (d) 

Structure of the chemical warfare agent simulant dimethyl methylphosphonate (DMMP) 

and (e) model of a MoO2 (011) surface used in the simulations of DMMP absorption and 

decomposition. 
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Experimental 

Ambient Pressure XPS 

The experiments were conducted using the APXPS-1 end station [13] at beamline 11.0.2 [14] at 

the Advanced Light Source at Lawrence Berkeley National Laboratory in Berkeley, CA. The end station 

is equipped with preparation and analysis chambers, where the base pressures were below 5 x 10-9 Torr. A 

0.2 mm aperture in the analysis chamber leads to the differentially-pumped electrostatic lens system [15] 

of the ambient pressure photoelectron spectrometer, allowing for pressures in excess of 1 Torr at the 

sample surface while collecting XPS data.  

A Mo foil (Alpha Aesar, 99.95%) was cleaned in the preparation chamber via sputtering (1 × 10-5 

Torr Ar+, 5 mA, 1.5 keV, 15 min) and annealing (900 ºC, 15 min). To prepare the MoO2 film, the Mo foil 

was heated to 550 ºC in 1 × 10-4
 Torr oxygen while monitoring the Mo oxidation state with XPS. The 

sample was subsequently cooled in vacuum. The dimethyl methylphosphonate (Fluka, >97%) was 

degassed via freeze-pump-thaw cycles and introduced into the analysis chamber with a precision leak 

valve. While dosing DMMP, the MoO2 sample was kept at room temperature (20 °C). 

To probe the same sample depth and have the same analyzer transmission function and gas phase 

scattering for all core levels, photoelectrons of 200 eV kinetic energy were collected by using the 

following photon energies: 340 eV for P 2p, 435 eV for Mo 3d, 490 eV for C 1s and 735 eV for O 1s. The 

binding energy was calibrated to the Fermi level of the sample. A Shirley background was subtracted 

from the O 1s and Mo 3d spectra, and a polynomial background was removed from the P 2p and C 1s 

spectra. The spectra were fit with Voigt functions. For the P 2p spectra a doublet of Voigt functions with 

a separation of 0.85 eV [16] and Lorentzian width of 0.03 eV were used. The Lorentzian width of the C 

1s spectra was 0.20 eV. Spectra of all core levels at all pressures measured are included in the Supporting 

Information, including the fit parameters. Binding energies and peak widths were kept constant when 

fitting the spectra at different pressures. Details of the O 1s fits and corresponding DMMP coverage 
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calculations are giving in the Supporting Information. All reported binding energies have an estimated 

error of ± 0.1 eV.  

Calculations 

Solid-state periodic calculations were performed with density functional theory (DFT) [17,18] 

using the GGA PBE [19] functional and projector augmented-wave (PAW) pseudo-potentials [20], as 

implemented in the VASP code [21–23]. In simulating an ideal bulk MoO2 crystal, a 8×8×8 

Monkhorst−Pack k-point mesh and a kinetic energy cut-off of 450 eV were used. Atomic coordinates and 

lattice constants were allowed to relax simultaneously without any symmetry constraints. The 

convergence criterion for electronic steps was set to 10-5 eV, and the maximum force acting on each atom 

was set not to exceed 0.02 eV Å-1. The calculated lattice parameters of the MoO2 monoclinic unit cell 

with P21/c space group, a = 5.61 Å, b =	4.91 Å and c =	5.68 Å, agree with the experimental lattice [24] 

vectors a = 5.61 Å, b =	4.85 Å and c =	5.63 Å within ~1 %.  

In the MoO2 surface calculations (Figure 1c), the model surface slab containing 432 atoms was cut 

out of the bulk MoO2 structure to form the (110) surface, with the supercell lattice vectors of a = 22.31 Å, 

b = 16.82 Å, and c = 33.52 Å. A vacuum layer of 20 Å placed on top of the MoO2 (011) surface served to 

minimize interactions between the supercells in the z-direction and to avoid any significant overlap 

between wave functions of periodically translated cells. All surface calculations were performed at G-

point only with a kinetic energy cut-off of 450 eV. The convergence criterion for electronic steps was set 

to 10-5 eV, and the maximum force acting on atoms was set not to exceed 0.03 eV Å-1. Minimal energy 

paths in the VASP periodic calculations were obtained with the nudged elastic band method [25] with five 

intermediate images. Atomic positions were relaxed using conjugate gradient and quasi-Newtonian 

methods within a force tolerance of 0.05 Å eV-1. The Kohn-Sham eigenvalues of the core states [26] 

were used to calculate binding energy shifts collected in Table 1.   
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Results 

Ambient Pressure XPS Experiments 

APXPS data were collected while dosing DMMP on a polycrystalline MoO2 film. First, the 

polycrystalline MoO2, which was prepared by oxidizing a Mo foil, was characterized as is. The sharper 

pair of peaks in the Mo 3d spectrum (Figure 2a) are the 3d5/2 and 3d3/2 peaks, with energies matching 

those in literature [27]. The broader features are satellites from unscreened final states and have a slightly 

different profile than previously reported spectra [27], likely due to different preparation procedures. The 

O 1s binding energy (530.1 eV) is consistent with previous reports [27]. A prominent satellite feature 

likewise occurs in the O 1s spectrum. Unfortunately, this satellite is coincident with binding energies 

common for hydroxyl groups and molecular water adsorbed on metal oxides [28], making it difficult to 

evaluate the quantity and effects of these species. 
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Figure 2. The (a) Mo 3d and (b) O 1s spectra of polycrystalline MoO2 under UHV conditions 

match literature spectra. Both core levels have high-binding energy satellites. The black dots are 

the data points, and the blue line is the sum of the fitted Voigt functions (green). 

 

After the characterization of the clean MoO2 sample, DMMP was gradually dosed at room 

temperature into the analysis chamber at order-of-magnitude intervals from 1 × 10-7 Torr to 0.01 Torr. 

Figure 3 shows a representative P 2p spectrum of the MoO2 surface at a DMMP pressure of 1 x×10-4 Torr; 

at this pressure, there is a strong P signal, yet no gas phase DMMP contribution is present, which is often 

seen at pressures of ~0.01 Torr and above . The main P component has small shoulders on both the high- 

and low-binding energy sides of the main peak. If the Voigt functions are constrained to a Lorenztian 

component equal to the natural linewidth of the P 2p ionization (0.03 eV) [29], three sets of doublets are 

needed to correctly fit the profile. The main peak is assigned to intact, adsorbed DMMP with a P 2p3/2 

binding energy of 133.7 eV. The high binding energy (HBE) component with a peak area of ~10% of the 

total P has a binding energy of 135.0 eV. The low binding energy (LBE) shoulder at 132.6 eV is ~5% of 

the total P area. The relative amount of each species does not change significantly over the range of 

DMMP pressures studied (see Figure S3 and Table S1). These smaller peaks correspond to decomposition 

products assigned based on DFT calculations, as described below.  

 

Figure 3. The P 2p spectrum of a MoO2 film under a DMMP pressure of 1 × 10-4 Torr shows 

intact DMMP (green) and decomposition products at low (LBE, orange) and high (HBE, purple) 
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binding energies. The black dots are the data points, and the blue line is the sum of the fitted 

Voigt doublets.  

 

The C 1s spectrum of MoO2 at a 1 × 10-4 Torr DMMP (Figure 4) contains two main peaks: the 

CH3 signal at 284.8 eV and the OCH3 signal at 286.6 eV. Analogous to the P 2p spectra, small shoulders 

arise at the LBE and HBE sides of the main peaks. The assignment of the shoulders will be addressed in 

conjunction with the DFT calculations. Figure 5 shows the relative amounts of all C species on MoO2 at 

all DMMP pressures measured. The relative amount of methyl groups agrees well with the expected 

amount of 0.33 from the intact DMMP molecule, while the fraction of methoxy groups falls short of the 

expected 0.67 for molecular adsorption. However, the amount of methoxy, HBE, and LBE carbon species 

add up to 0.67, indicating that the decomposition products likely result from a reaction of the POCH3 

group. The total amount of C expected from the P 2p spectra can be calculated with gas phase sensitivity 

factors, as further detailed in the Supporting Information. A ratio of the total measured C to the expected 

C is reported by the orange data points in Figure 5. Values close to 1 suggest that the majority of the 

carbon-containing decomposition products remain on the surface.  

 

Figure 4. The C 1s spectrum of a MoO2 film under a pressure of 1 × 10-4 Torr DMMP shows 

high- (HBE) and low-binding energy (LBE) decomposition products in addition to the expected 
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methyl (284.8 eV) and methoxy (286.6 eV) groups. The black dots are the data points, and the 

blue line is the sum of the fitted Voigt functions (green). 

 

Figure 5. The relative amount of CH3 (black) matches the amount expected for intact adsorption 

(black dotted line at 0.33) while the amount of OCH3 falls short of expected 0.67 (blue). The 

relative amounts of high- (HBE, purple) and low-binding energy (LBE, red) carbon are also 

shown. The ratio of the total measured C and the expected C calculated from the P 2p spectra is 

near 1 at all pressures (orange data points), suggesting decomposition products remain on the 

surface. The error bars result from the error in the gas phase sensitivity values used in calculated 

the expected C.  

 

There are no significant changes in the spectral contributions of the substrate upon exposure to 

DMMP. The Mo 3d satellite intensity decreases slightly upon initial DMMP adsorption and is 

independent of the DMMP pressure (Figure S5). In addition,  no obvious Mo oxidation or reduction upon 

DMMP adsorption occurs. Likewise, there are no changes to the bulk oxide O 1s peak, shown in Figure 6. 

The O 1s satellite feature of the bulk oxide peak at 531 eV makes it difficult to extract information about 

the overlapping P=O signal. The fit in Figure 6 assumed no change in the O 1s satellite parameters after 

DMMP adsorption. The methoxy peak is clearly identified and used to calculate surface coverages 

(Figure 7), with the assumption that methoxy groups do not desorb (details are in the Supporting 

Information). The adsorption affinity, represented by the surface coverage of DMMP on MoO2, is 
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compared to that of MoO3 from our previous work [30], see Figure 7.  While the total adsorption of 

DMMP on pristine is MoO3 is much lower than that on MoO2, the presence of hydroxyl groups and 

oxygen vacancies (OH-MoO3) strongly increases the coverage on to a level comparable to that on MoO2.   

 

Figure 6. O 1s spectra of DMMP adsorbed onto MoO2. The black dots are the measured data 

points, and the blue line is the sum of the fitted Voigt functions representing the oxide substrate 

(green) and the P=O and OCH3 groups of DMMP (purple). 

 

Figure 7. The surface coverages of MoO2 (red squares) show a stronger interaction with DMMP 

than MoO3 (black circles). Adding oxygen vacancies and OH groups to the MoO3 (OH-MoO3, 

blue triangles) brings the coverage closer to that of MoO2. Error bars result from error in the 

spectral fits. 

 

Calculations of DMMP Adsorption 
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DFT calculations of DMMP adsorption and decomposition were conducted to complement and 

help interpret the APXPS studies. We found that when adsorbed on the MoO2 (011) surface, DMMP 

forms a bond with one of the under-coordinated Mo atoms through its phosphoryl oxygen (Figure 8a). 

This bonding scheme agrees well with the results of DMMP adsorption on other metal oxide surfaces 

[3,4,31,32]. The calculated adsorption energy (Ead) of -212.7 kJ mol-1 points toward a strong chemical 

bond between the molecule and the surface.  For comparison, the calculated Ead values of DMMP on an 

oxygen-terminated MoO3 (010) surface with and without an oxygen vacancy are -153.6 kJ mol-1 and -96.7 

kJ mol-1, respectively [30].  The strength of the interaction is also indicated by the lengthening of the P-

O1 bond distance by 0.034 Å between the isolated molecule (1.481 Å) and the DMMP adsorbed on MoO2 

(1.515 Å), a result of the electron density redistribution from the P-O bond towards the O-Mo bond 

(2.119 Å).       
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Figure 8. (a) The most favorable adsorption configuration of DMMP adsorbed on MoO2 (011); 

(b) intermediate and (c)-(e) final structures involved in DMMP degradation on MoO2 (011) 

surface 

 

Calculations of DMMP Decomposition 

Our DFT modeling revealed several plausible channels for DMMP degradation on a MoO2 (011) 

surface. Initial, intermediate, and final structures involved in the surface-enhanced decomposition of 

DMMP are shown in Figure 8, with the schematic potential energy diagram depicted in Figure 9. Surface-

facilitated decomposition of DMMP begins with rotation of one of the –OCH3 groups about a P-OCH3 

bond (path I1- I2). The calculated activation barrier of such an internal rotation is low and requires only 

5.6 kJ mol-1, which is ~15 kJ mol-1 lower than in the gas phase [16]. The bond distances P-O3 (1.633 Å) 
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and O3-C3 (1.472 Å) in the structure I2 (Figure 8b) are elongated by 0.056 Å and 0.01 Å, respectively, as 

compared to the structure I1 (Figure 8a), suggesting that further decomposition of DMMP will proceed 

through the cleavage of one of these bonds.   

We now discuss three plausible decomposition channels of conformer I2. The first channel 

proceeds through cleavage of an O-CH3 bond and adsorption of the methyl group on a surface Mo atom 

(path I2- I3). The calculated activation barrier of this reaction step is 131.9 kJ mol-1, with the product, 

structure I3, energetically favored by 80.4 kJ mol-1 over structure I2. An alternate outcome of cleaving the 

O-CH3 bond is the formation of a surface methoxy group on a terminal oxygen (path I2-I4); this step is 

more thermodynamically favorable by 36.7 kJ mol-1 than the aforementioned formation of a surface Mo-

CH3 moiety (path I2- I3) and requires an activation energy of 131.5 kJ mol-1. Additionally, the barrier for 

the migration of a methyl group from a Mo atom in I3 to a terminal oxygen atom in I4 is 126.4 kJ mol-1, 

suggesting that the Mo-CH3 moiety is short-lived. For comparison, homolytic scission of O-CH3 bond in 

the gas phase molecule and the molecule adsorbed on a pristine MoO3 surface requires significantly 

higher energies of 344.3 kJ mol-1 and 359 kJ mol-1, respectively. Finally, the third plausible channel (path 

I2-I5) results in a surface methoxy group through cleavage of the P-OCH3 bond in DMMP and subsequent 

adsorption of the –OCH3 moiety on a Mo atom. This pathway results in an energetically favorable 

product (-66.2 kJ mol-1 compared to I2) and the largest activation barrier (149.2 kJ mol-1). Either path of 

P-OCH3 bond breaking on the MoO2 (011) surface is favored by ~240-280 kJ mol-1 over that in the 

isolated gas phase molecule or on pristine as well as reduced MoO3 (010) surfaces [30]. 	

 The results of our DFT modeling suggest that after adsorption onto MoO2(011) through the 

phosphoryl oxygen, the O-CH3 bond of DMMP breaks to form surface methoxy groups as the main 

products. The most energetically favorable pathway (132.6 kJ mol-1) is I1- I2- I4, where the activation 

barrier of the rate limiting step I2- I4 is 131.5 kJ mol-1. The alternative channel of forming a Mo-CH3 

intermediate followed by diffusion of the methyl group to a terminal oxygen (pathway I1- I2- I3- I4) 

requires nearly the same amount of energy as the path I1- I2- I4.  We found that on the relatively inert 

MoO3 [30], oxygen vacancies and hydroxyl groups improve adsorption of DMMP and trigger its 
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decomposition. On the other hand, the chemically reactive MoO2 (011) surface, even in its pristine state, 

tends to strongly adsorb DMMP and facilitate its further degradation through cleavage of the O-CH3 

bond, without the requirement of surface OH groups or defects. Since the APXPS measurements cannot 

quantify the hydroxyl groups on this surface due to the O 1s satellite, the effect of hydroxyl groups on 

DMMP adsorption were not considered in the DFT calculations. 

 

Figure 9. Schematic representation of the potential energy surface associated with the 

decomposition of DMMP on a pristine MoO2 (011) surface. 

 

Calculated core level binding energies 

To compare the results of DFT simulations with XPS measurements, we calculated core level 

binding energies for structures involved in the DMMP decomposition on the pristine MoO2 (011) surface 

(Figures 8 and 9). The core levels listed in Table 1 show that the rearrangement of the initial adsorption 

(I1) to I2 results in relatively small binding energy changes in the majority of the atoms; the exceptions are 
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the binding energies of the O3 and C3 atoms in the methoxy group directly interacting with the surface, 

which increase by 0.95 eV and 0.75 eV, respectively. As a result of Mo-OCH3 formation in configuration 

I3, significant shifts occur in the 1s core levels of the O3 (-1.40 eV) and C3 (-2.72 eV) atoms. In 

configuration I4, the methyl group containing the C3 atom is detached from DMMP and adsorbed onto 

one of the surface oxygen atoms; as a result, the shifts in the core level binding energies of the DMMP 

residue are very close to those of configuration I3, with the exception of the C3 atom that shifts less. One 

of the P-OCH3 bonds is broken to form a methoxy group on the surface through a bond between O3 and a 

surface Mo atom in configuration I5, resulting in a O3 core level shift of -1.08 eV. Interestingly, the P 2p 

binding energy in configuration I5 does not significantly shift, despite replacing a methoxy group with a 

bond to a terminal O atom on the surface. As will be discussed, these calculated core levels are essential 

in assigning peaks in the APXPS data.   

Table 1. Shifts in core level ionization energies (eV) relative to structure I1. The atom labels refer 

to Figure 8. 

Atom Core level 
on (011) MoO2 surface 

I1 I2 I3 I4 I5 
O1 1s 0.00 0.33 -0.21 -0.23 -0.15 
O2 1s 0.00 0.31 -0.51 -0.48 -0.22 
O3 1s 0.00 0.95 -1.40 -1.32 -1.08 
P 2p 0.00 0.49 -0.58 -0.54 -0.17 
C1 1s 0.00 0.32 -0.33 -0.25 0.03 
C2 1s 0.00 0.17 -0.27 -0.26 0.06 
C3 1s 0.00 0.75 -2.72 -0.18 -0.01 
 

Discussion 

          APXPS offers the opportunity to study DMMP adsorption on model surfaces under pressures 

relevant to applications and provides a benchmark for calculations. Of great importance to applications is 

the quantification of the adsorption of molecules on materials as a function of partial pressure. ASZM-

TEDA© filtrers contain MoOx, and thus a comparison of DMMP adsorption on MoO2 and MoO3 is of 



18	
	

direct interest to the understanding of the chemistry of this material. Figure 7 shows that DMMP interacts 

more strongly with MoO2 than MoO3 due to the under-coordinated Mo atoms inherent in the MoO2 

structure. In contrast, the thermodynamically stable MoO3 (010) surface is oxygen terminated, resulting in 

only a weak interaction with DMMP [30,33], but the surface coverage can be increased to the level of 

MoO2 by adding favorable binding sites, including surface OH groups and oxygen vacancies [30]. 

Surface coverages offer an initial empirical step with which to correlate DFT calculations. The stronger 

interaction with MoO2 is echoed in the calculated Ead that is about 100 kJ mol-1 more favorable than that 

of MoO3 [30]. 

 DFT calculations are further used to aid in the interpretation of the XPS data. The APXPS spectra 

provide information on the presence of reaction products, but only indirect information on reaction 

mechanisms. By predicting decomposition pathways in DFT, likely products can be identified and 

correlated with the XPS data. The calculated core level shifts of the predicted surface species are 

presented in Table 1 and have been used to identify the decomposition products in the P 2p and C 1s 

spectra. In Figure 3, the main peak in the P 2p spectrum is assigned to intact adsorption (structure I1), and 

the core level shifts in Table 1 are referenced to the binding energies in this structure. Differences in the 

quantitative agreement between calculated and measured shifts are due to many factors. For example, the 

calculations were limited to a pristine, idealized MoO2 (011) surface, which is the most stable surface of 

MoO2, whereas XPS measurements were measured on polycrystalline samples with different surface 

facets and concentrations of defects. Thus, assignment of the experimental peaks was based on qualitative 

comparison with calculated data. The DFT calculations forecast that only structure I2 (Figures 9 and 11) 

should have a larger P 2p signal, though the predicted +0.49 eV shift is only one-third of the actual shift 

of the HBE P 2p peak. The binding energy of the HBE C 1s peak in Figure 4a also suggests structure I2, 

with the predicted shift of +0.75 eV close to the +1.2 eV shift from the spectra. The similar amount of 

HBE P 2p and C 1s areas (~10%, cf. Tables S1 and S2) at all DMMP pressures lend further support for 

assigning these peaks together to structure I2. A peak from the O3 atom of  I2 at +0.95 eV higher than the 
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intact methoxy signal is lacking from the O 1s spectrum; however, using the gas phase sensitivity factors 

to approximate the O 1s signal for I2 (see Supporting Information), only a few percent of the total O 1s 

signal would be expected for this peak. Therefore, it is reasonable that such a peak is not resolvable in the 

O 1s spectrum. 

In regards to the LBE C 1s and P 2p components in the spectra of DMMP adsorbed onto MoO2, structure 

I3 initially appears a strong candidate for assignment. The P has a calculated shift of -0.58 eV that is half 

of the experimentally seen -1.1 eV shift in Figure 3. However, the -2.72 eV shift of the Mo-CH3 moiety 

(C3) is significantly larger than the experimental -1.0 eV shift (Figure 4a). While this calculated shift 

agrees with previous assignments of Mo-C metal bonds that are expected around 282.7 eV (for 

molybdenum carbide [34] and CO adsorbed on Mo metal [35]) it is too large to assign the LBE C 1s peak 

in Figure 4a to a Mo-CH3 group. Furthermore the calculations indicate that structure I3 is likely a short-

lived intermediate as the activation barrier for the CH3 group to migrate from a Mo atom to a terminal O 

atom is quite low. 

  Structure I4 is likely responsible for the LBE peaks in the C 1s and P 2p spectra, as indicated by 

the decrease in the core level binding energy in Table 1. The predicted core level shifts for I5 are quite 

small and not detectable in our XPS measurements. The activation barrier to generate I5 is the highest 

among all structures considered here, yet  still accessible under operational conditions. Consequently, we 

can neither confirm nor disregard I5 since the peaks from this species would overlap with the signal from 

other configurations.  

 The P 2p data show that about 15% of the total adsorbed DMMP decomposes on the MoO2 (011) 

surface. Due to the inherently larger availability of coordination sites on MoO2, adsorption and 

decomposition there is more extensive than on MoO3. The effect of OH groups and oxygen vacancies on 

MoO2 could not be probed here due to the O 1s satellite peak. In our previous study of MoO3, we found 

that introducing oxygen vacancies and hydroxyl groups increased DMMP coverage, and hydroxyl groups 
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are necessary for the formation of volatile methanol. In the case of MoO2, the amount of C on the surface 

matches the predicted amount calculated from the P spectrum, indicating minimal methanol desorption.  

While our polycrystalline samples most likely showed a distribution of surface terminations, the 

MoO2 (011) surface is the most thermodynamically stable, and the calculations of DMMP adsorption on 

this surface are consistent with our experimental results. The MoO2 (011) surface can be described as 

distorted rutile, and it is thus of interest to compare its surface chemistry to that of rutile TiO2 (110).  

Zhou et al. studied DMMP adsorption on TiO2 (110) under UHV conditions [36] and found DMMP 

decomposition at room temperature decomposition on reduced TiO2 (110)-(1 × 2) [37], while DMMP was 

found to adsorb in its intact form on the stoichiometric TiO2 (110) (1×1) surface [37]. This is in agreement 

with our results that show that the majority of DMMP adsorbs intact on MoO2. While we have explored 

decomposition pathways on a pristine MoO2 surface using DFT (which suggest decomposition without 

the need of surface OH and/or defects), we cannot exclude that the variety of crystal facets present in our 

polycrystalline samples contribute to the decomposition, in a similar fashion to the reduced Ti sites in the 

reconstruction of TiO2 [36,37]. There have been several infrared spectroscopy studies of powdered TiO2 

with nanoparticles containing 70% anatase and 30% rutile [3,5,38,39]. In general at room temperature, 

hydroxyl groups are the initial interaction sites with the phosphoryl oxygen. Under-coordinated Ti atoms 

are the next most energetically favorable binding sites. Surface-bound methyl methylphosphate and 

methoxy groups are the main decomposition products on TiO2, just as in MoO2, where reaction with 

surface hydroxyl groups leads to the formation of methanol. In addition there are two other, less 

prominent, decomposition pathways: P-CH3 cleavage and formation of a surface-bound carboxylate 

intermediate [5]. XPS does not show evidence of P-CH3 cleavage on MoO2, and the DFT calculations 

also indicate that P-CH3 cleavage is energetically not favored. The HBE C 1s peak in Figure 4a has a 

binding energy close to that of a carboxylate species. While this species was observed on the surface for 

only a few minutes in the study of DMMP on TiO2 [5], it is unlikely it would be observed our XPS 
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experiments, where equilibrium is allowed to establish and measurements of all elements take ~ 30 

minutes at each pressure.  

 

Conclusions 

 APXPS measurements of polycrystalline MoO2 exposed to DMMP were used to benchmark DFT 

calculations of DMMP adsorption and decomposition. Calculated core level shifts aided in the assignment 

of species in the APXPS data; the predicted decomposition pathways were found to agree with a 

quantitative analysis of the spectra. After initial molecular adsorption of the phosphoryl oxygen to an 

under-coordinated Mo atom, surface-bound methoxy groups form through the breaking of a P-OCH3 

bond. No volatile decomposition products form. The under-coordinated metal atoms of MoO2 permit a 

stronger interaction with DMMP and different decomposition products compared to MoO3. The DFT 

calculations presented here advance the theoretical investigations of the DMMP/metal oxide systems 

beyond simple surface adsorption towards more complex reactions on surfaces.  
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