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Abstract 

Dimethyl methylphosphonate (DMMP) is one of the most widely used molecules to simulate 

chemical warfare agents in adsorption experiments. However, the details of the electronic 

structure of the isolated molecule have not yet been reported. We have directly probed the 

occupied valence and core levels using gas phase photoelectron spectroscopy and the unoccupied 

states using near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Density 

functional theory (DFT) calculations were used to study the electronic structure, assign the 

spectral features, and visualize the molecular orbitals. Comparison with parent molecules shows 

that valence and core level binding energies of DMMP follow trends of functional group 

substitution on the P center. The photoelectron and NEXAFS spectra of the isolated molecule 

will serve as a reference in studies of DMMP adsorbed on surfaces.  

Introduction 
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 Molecules with an organophosphonate structure, P(O)(OR)(OR’)(R’’), garner interest for 

uses in a wide variety of fields, including tuning energy levels at semiconductor device 

interfaces,1 as corrosion inhibitors,2 and as pesticides and herbicides.3 They also exhibit a range of 

toxicity to animals; some of the most infamously noxious molecules contain phosphonate 

functional groups and are used as chemical warfare agents (CWAs).3 With the ever-present threat 

posed by CWAs, there is an acute need for new materials for uses in sensors, personal protection 

equipment, and degradation catalysts, all of which require an understanding of the electronic 

structure and reactivity of this class of molecules. However, due to personnel safety concerns, 

simulant molecules are used in experimental studies, with dimethyl methylphosphonate 

(DMMP), P(O)(OCH3)2(CH3), being one of the most common. Full details of the electronic 

structure of DMMP have not been reported, and a careful study of DMMP in the gas phase (i.e. 

without intermolecular interactions, solvation effects, and other condensed phase effects) is 

needed. Reference gas-phase photoelectron and X-ray absorption spectra, which provide 

information about occupied and unoccupied molecular states, respectively, will aid in the 

interpretation of future studies of DMMP interactions with solids and liquids. 

CWA simulants offer clear advantages in terms of experimental safety but suffer the 

disadvantage of an incomplete understanding of the actual CWA molecules due to removal of a 

key functional group. While DMMP retains the phosphoryl oxygen, methyl group, and alkoxide 

moieties of the G-type and V-type nerve agents (the most common classes of CWAs), the P-F or 

P-S-R group is missing (cf. Figure 1).3 Computational chemistry can provide the link between 

simulant molecules and real CWAs. Comparing computed energies with those measured in gas-

phase electron spectroscopy experiments can validate theoretical results and guide further 

experiments. In turn, theory can predict properties of real CWAs. Quantum chemical calculations 

have been employed recently mainly to explore gas-phase decomposition mechanisms of 

DMMP4,5 and to simulate adsorption and decomposition of DMMP and real agents (Sarin and 

VX) on various oxides,6-11 carbon nanotubes,12 and graphene.13 
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The electronic structure of DMMP is also interesting from a basic spectroscopy perspective. 

The gas-phase electronic structures of simple phosphines (PR3), phosphites [P(OR)3], and 

phosphates [P(O)(RO)3] have been studied previously with semi-empirical14,15 and quantum 

chemical calculations16 and both valence16-18 and core level14,19-21 photoelectron spectroscopy. 

Correlations between binding energies and functional groups have been established.14,15 More 

complex P-containing molecules have been investigated to a lesser extent, and thus, a thorough 

study of DMMP offers the opportunity to experimentally assess these correlations. The gas-

phase valence photoelectron spectrum of DMMP was measured previously;18 however, due to 

poor resolution,  peak assignments were difficult. The gas-phase near-edge X-ray absorption 

fine-structure (NEXAFS) spectra of DMMP have not been reported so far but can aid in the 

identification of condensed phase effects, such as intermolecular interactions and hydrogen 

bonding.22,23 

Here, we present the valence photoelectron spectrum of DMMP together with peak 

assignments based on DFT calculations. The gas-phase core-level spectra (P 2p, C 1s, O 1s) are 

also presented and compared with spectra of related molecules in the literature to illustrate 

systematic binding energy shifts with functional group substitutions on the central P atom. 

NEXAFS spectra of the C and O K-edges are interpreted with the aid of DFT calculations. 

Together, these results encompass a detailed description of the electronic structure of DMMP 

and serve as a benchmark for more complex spectroscopic and computational studies of DMMP, 

other simulants, and CWAs.  
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Figure 1. The molecular structure of selected CWAs in the V-series (VX) and G-series (sarin 

GB). DMMP is used as a simulant for both of these CWAs. 

Experimental 

Photoelectron and X-ray Absorption Spectroscopy 

The photoelectron and NEXAFS spectra were collected at the ambient pressure X-ray 

photoelectron spectroscopy end station24 at beamline 11.0.225 at the Advanced Light Source at 

Lawrence Berkeley National Laboratory. Dimethyl methylphosphonate (>97%, Fluka) was 

degassed via freeze-pump-thaw cycles and introduced into the high pressure analysis chamber of 

the spectrometer via a leak valve. The DMMP pressure during the measurements was 0.08 Torr. 

Oxygen gas was introduced into the analysis chamber (0.07 Torr) to calibrate the binding energy 

scale to the vacuum level at infinity (VL∞) via the  !
!

! line of O 2s ionization (24.58 eV)26,27 for 

the valence spectrum and the  !! line of the O 1s ionization (543.37 eV)27 for the core levels. 

The core level C 1s, O 1s and P 2p spectra were collected with an incident photon energy of 735 

eV, and the valence band data were collected with a photon energy of 275 eV. The combined 

spectrometer and beamline resolution was better than 0.3 eV. Polynomial backgrounds were 
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subtracted from the photoelectron spectra. The peaks were fit with asymmetric Gaussian 

functions,28 and the error in the binding energies is estimated to be ±0.05 eV. The NEXAFS data 

were collected in partial electron yield mode. The O K-edge was collected with a kinetic energy 

of 440 eV and a 20 eV kinetic energy bandwidth, and the C K-edge was collected with 220 eV 

kinetic energy and 10 eV bandwidth. The NEXAFS data were corrected for I0 by subtracting the 

spectrum of clean Au foil. The photon energy scale was calibrated by the energy difference 

between first and second order photons. 

Computational Details 

The molecular and electronic structure of DMMP was studied with Gaussian 09 computer 

suite.29 The valence spectrum of DMMP was assigned using one-electron energies of Kohn-Sham 

orbitals obtained with the M06-2X30 functional and 6-31+G(d,p) basis set. Total densities of 

states (DOS) and partial densities of states (PDOS) projected on each atom of DMMP were 

calculated using the GaussSum code31. The X-ray absorption spectrum was calculated using time-

dependent density functional theory (TD-DFT)32 with the BP8633,34 functional and the TZVP35,36 

basis set as implemented in ORCA37 package. Only excitations from the localized O and C 1s 

orbitals have been taken into consideration.38,39 

DMMP is known to have three conformers which differ in the relative dihedral angles of the 

CH3-O-P groups.40 We have presented calculation results of the experimentally observed lowest 

energy conformer40 (Figure S1, Table S1). The two lowest energy conformers were found to be 

nearly isoenergetic with essentially no energetic barrier between them. Calculations revealed 

nearly identical electronic properties of these two configurations. The third conformer is not 

likely to contribute to the spectra due to the high barrier of internal rotation. Calculated valence 

and NEXAFS spectra of this conformer are slightly different in energy spacing but do not change 

the spectral assignments presented here. This analysis of the conformers is in agreement with a 

previously published gas phase spectroscopy and computational study.40 Calculated valence and 

NEXAFS spectra of all conformers are presented in the Supporting Information. 
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Results and Discussion 

Core-level binding energies  

As part of the electronic structure characterization of DMMP in the gas phase, core-level 

photoelectron spectra were collected and compared with those of similar molecules published 

previously. The P 2p, C 1s, and O 1s photoelectron spectra are shown in Figure 2. The 

asymmetry on the high binding energy side of the peaks is due to vibrational broadening. The 

spin-orbit components in the P 2p spectrum are well-resolved with a splitting of 0.85 eV. In the 

C 1s spectrum (Fig. 2b), the binding energy of the methyl group is 291.0 eV and that of the 

methoxy groups is 292.7 eV. In the O 1s spectrum, the peak at 536.5 eV is assigned to the 

phosphoryl oxygen and the peak at 538.9 eV to the methoxy groups. The peak areas in both the 

C 1s and O 1s spectra have the expected 2:1 area ratio based on the stoichiometry of the intact 

molecule and chemical degeneracy of the methoxy groups. Calculated one-electron Kohn-Sham 

orbital energies corresponding to C 1s, O 1s, and P 2p core levels correctly reproduce 

experimental trends (Table 1). Quantitatively, the calculated values agree with the experiments 

within 1.3%. 

 Core level ionization energies of DMMP are compared to those of similar molecules in 

the literature to demonstrate correlations between binding energy shifts and functional groups on 

the P center. Table 1 lists binding energies for DMMP (this work), trimethyl phosphine oxide 

[P(O)(CH3)3]19,20 and trimethyl phosphate [P(O)(OCH3)3].21 Replacing a methoxy group with a 

methyl group lowers the P 2p binding energy by about 0.7 eV per methyl group, according to the 

binding energies in Table 1. DMMP follows this pattern with the P 2p3/2 binding energy 0.8 eV 

lower than that of P(O)(OCH3)3. This trend reflects the electronegativity of the functional groups; 

the more electronegative oxygen reduces the amount of electron density on the P atom, in turn 

increasing the P 2p binding energy. This trend is also seen in the O 1s binding energy of the 

phosphoryl oxygen, where replacing a methoxy group with a methyl group results in about a 0.2 
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eV decrease. The C 1s and O 1s binding energies of the methyl and methoxy substituents do not 

vary much among these three molecules. 

 

 

Figure 2. Gas-phase core level photoelectron spectra of the (a) P 2p, (b) C 1s, and (c) O 1s core 

levels of DMMP, collected with a photon energy of 735 eV.  
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Table 1. P 2p, C 1s, and O 1s ionization energies of DMMP and related molecules in the 
literature. Calculated core ionization energies of DMMP are also given. All values are in eV. 
 

P(O)(CH3)3
a P(O)(OCH3)3

b 
DMMP 

 Exp. Calc. 
P 2p3/2 137.8 139.9c 139.1 138.4 
C 1s 
  

P-CH3 
P-OCH3 

290.7  
292.7 

291.0 
292.6 

287.4 
288.6 

O 1s  P=O 
P-OCH3 

536.1 536.7 
539.1 

536.5 
538.9 

533.4 
535.5 

 
a Ref. [19], [20] 
b Ref. [21] 
c The spin-orbit components could not be resolved, thus this value is 
an average of the 2p3/2 and 2p1/2 components. 

 

Occupied Molecular Orbitals 

Figure 3a shows the valence spectrum collected using a 275 eV photon energy and a fit of the 

spectrum with asymmetric Gaussian components.28 Due to the changes in the photoionization 

cross sections between the 275 eV photon energy used here and the He I source (21.22 eV) used 

in the previous study,18 the intensity profile of the spectrum is different. However, the vertical 

(IEvert, HOMO ionization) and adiabatic ionizations (IEad, estimated from the onset of the first 

ionization41) match the literature values, as shown in Table 2. Calculated energies are compared 

to experimental values in Table 2 and are found to agree well, indicating that the theory is 

accurately modelling the electronic structure. The IEvert is calculated by comparing the energy of 

the neutral molecule with the cation in the same geometry, and the IEad is the energy difference 

between the neutral molecule and the cation in the optimized geometry. The relaxation energy of 

the cation (λ) is the difference between these two energies. The vertical black lines in Figure 3b 

indicate the energy of the Kohn-Sham orbitals and correlate well with the peak positions, 

resulting in the peak assignments in Table 3, which shows also the binding energies and fit 

parameters. Symmetry-allowed mixing of the molecular orbitals complicates the spectrum in 

comparison to simpler phosphites that lack a phosphoryl oxygen.  
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Figure 3. (a) Valence spectrum of DMMP (dots) measured using a photon energy of 275 eV and 

a fit (blue line) of asymmetric Gaussian functions (green lines). (b) Comparison of the valence 

spectrum shown in (a) (black line) with the PDOS of the methoxy carbon (red), methyl carbon 

(green), methoxy oxygen (blue), phosphoryl oxygen (purple), and the phosphorus (orange). The 

DOS are normalized such that the height of the phosphoryl oxygen DOS matches that of the 

HOMO ionization at ~10.5 eV. The energy scale of the DOS has been shifted by 0.84 eV to be 

aligned with the HOMO ionization. The black vertical lines are calculated Kohn-Sham orbital 

energies and have not been shifted.  
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Table 2. Relevant energies of DMMP from the experiment, calculations, and literature. All 

values are in eV. 

 Experiment Literaturea Calc.b 

IEad 10.00 10.00c 9.77 
IEvert 10.64 10.71 10.60 
λ 0.64 0.71 0.83 
 

a Ref. [18] 
b Calculated using M06-2X/6-31+G(d,p) level of 
theory 
c Estimated from the onset of the first ionization 
energy in the reported spectrum 
 

Table 3. The binding energies, Gaussian full-widths at half maximum (FWHM), and peak areas 

of the fit of the valence spectrum of DMMP. Binding energies and widths are in eV. Peak areas 

are in arbitrary units and normalized to the first peak.  

Peak 
Binding 
Energy 

FWHM, 
high BE 

FWHM, 
low BE Area 

Molecular orbital charactera 

(major, minor contributions) 
1b 10.64 0.56 0.56 100 LP(P=O), LP(OCH3) 
2 11.21 0.56 0.56 73 LP(P-OCH3), LP(P=O) 
3 11.83 0.56 0.56 60 LP(P-OCH3) , LP(P=O) 
4 12.40 0.56 0.56 75 σ(P=O) 
5 12.82 0.87 0.40 59 π(P=O) 
6 13.61 0.83 0.34 47 σ(P-CH3), σ(P=O) 
7 14.39 0.96 0.96 52 

σ(P-O),σ(C-H), σ(C-O) 
8 15.30 0.96 0.96 78 
9 15.98 0.96 0.96 32 
10 16.51 0.96 0.96 72 
11 17.36 0.86 0.57 50 
12 18.76 0.84 0.37 65 σ(P(3s)-OCH3), O 2s(P=O) 
13b 22.66 1.56 0.94 157 C 2s, σ(P-OCH3) 
14 23.98 1.33 0.58 57 C 2s, σ(P-CH3), σ(P-OCH3) 
 

a LP = lone pare of electrons 
b These Gaussian functions represent the ionization of two molecular orbitals. 

 

The HOMO of phosphine oxides (P(O)R3) is doubly degenerate and mostly consists of the 

oxygen lone pair of the phosphoryl oxygen.17 Replacing the alkyl groups with alkoxide groups 
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adds an interaction of the phosphoryl lone pair with those of the O atom in the alkoxide groups.17,18 

In DMMP, this interaction is seen in the HOMO and HOMO-1 molecular orbital plots in Figure 

4. The first ionization in the spectrum is assigned to these orbitals as the energy separation 

between them cannot be experimentally resolved. Figure 3b overlays the valence spectrum with 

the calculated PDOS projected onto each atom and shows that the first ionization is largely of 

P=O character. Analogous to the core level ionizations, the stabilizing effect of the methoxy 

groups on the HOMO ionization is seen in the trend of the IEvert with that of DMMP (10.64 eV) 

falling between P(O)(CH3)3 at 9.90 eV16,17 and P(O)(OCH3)3 at 10.90 eV.18 

The molecular orbitals of DMMP (virtual Cs symmetry) can be related to the two parent 

molecules P(O)(CH3)3 and P(O)(OCH3)3 that have C3v symmetry, as illustrated in the correlation 

diagram of their ionization energies in Figure 5. Phosphates have three molecular orbitals based 

on the lone pairs of electrons on the O atoms in the alkoxide groups: 1a2 and  4e.18 Since DMMP 

has only two methoxide groups, the 1a2 disappears and the 4e orbitals split to 31a’ and 30a’’, the 

the HOMO-2 and HOMO-3, respectively. These molecular orbitals also have some symmetry-

allowed interaction with the phosphoryl oxygen (cf. Figure 4). The peak at 12.40 eV is assigned 

to the HOMO-4, mostly the phosphoryl σ bond. The phosphoryl π bond (HOMO-5) has a larger 

binding energy at 12.82 eV. Overall, these molecular orbital ionizations are at lower energies 

than the analogous orbitals in the parent P(O)(OCH3)3
18 (cf. Figure 5), reflecting the replacement 

of one methoxy group with a less electronegative methyl group. The binding energy range 14.2 – 

17.4 eV contains several overlapping ionizations corresponding to σ(C-H), σ(P-O) and σ(C-O), 

and no direct assignments are attempted; the Gaussian functions used in this region are for 

intensity only and do not represent specific molecular orbitals. The DOS from DFT calculations 

allows for the assignment of the three highest binding energy peaks that were not seen in the 

previously reported spectrum.18 The separate peak at 18.76 eV is from the HOMO-15, a 

molecular orbital with contributions from the P 3s atomic orbital and σ(C-O) orbitals. The peak 

at 22.66 eV contains ionizations from two molecular orbitals with similar orbital character: C 2s 



 12 

from both types of C and σ(P-OCH3). A large contribution from the σ(P-CH3) bond and the 

methoxy C 2s atomic orbitals to the ionization at 23.98 eV was found. Figure S3 shows the 

correlation of the calculated Kohn-Sham orbital energies with the ionizations in the valence 

spectrum and molecular orbital plots of all orbitals.  

 

Figure 4. Molecular orbital plots of DMMP and Kohn-Sham orbital energies.  
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Figure 5. Correlation diagram of the experimental ionization energies of the molecular orbitals 

in trimethyl phosphine oxide [P(O)(CH3)3], DMMP, and trimethyl phosphate [P(O)(OCH3)3]. The 

atomic origin of the molecular orbitals are color-coded. The black rectangle represents the 

overlapping ionizations of DMMP described in the text. Values for P(O)(CH3)3 and P(O)(OCH3)3 

are taken from Ref. [17] and Ref. [18], respectively. 

Unoccupied Molecular Orbitals 

To gain insight into the unoccupied orbitals of DMMP, the gas-phase NEXAFS spectra were 

collected of the C and O K-edges and are displayed in Figures 6a and 6b, respectively. TD-DFT 

calculations were performed to simulate the spectra and assign transitions. In the C K-edge 

spectrum, the first transition to the lowest unoccupied molecular orbital (LUMO) originates from 

the methyl C 1s level. The next peak at 288.1 eV correlates with the CPOCH3 à LUMO transition. 

Select transitions are labelled in Table 4 and show that the spectrum is dominated by mixed 

valence/Rydberg transitions that become closer in energy until the ionization threshold, marked 

by blue dashed lines in Figure 6. The Rydberg transitions originating from the methyl carbon and 

methoxy carbon atoms overlay each other. In contrast, the beginning of the O K-edge spectrum 
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contains only transitions from the phosphoryl oxygen. Transition 7 in Figure 6b is the first 

transition from the O1s of the methoxy O atom to the LUMO.  

Taking into consideration that the unoccupied orbitals are rather delocalized (Figure S5), we 

calculated C K-edge and O K-edge spectra of DMMP using Ahlrichs’s TZVP basis set expanded 

by Pople’s (TZVP++) and Dunning’s (aug-TZVP) diffuse functions. We found that an addition 

of the diffuse functions does not improve agreement between calculated and experimental 

spectra. On the contrary, spectra obtained with TZVP++ and aug-TZVP basis sets are in worse 

agreement with experimentally measured spectra (Figures S6). 
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Figure 6. The NEXAFS spectra of the (a) C K-edge and (b) O K-edge of DMMP. The blue 

vertical lines are the experimental binding energies of the indicated atom. The black vertical 

lines are calculated transitions, with the intensities corresponding to oscillator strengths. The 

calculated values have been shifted by 17.52 eV in the C spectrum and by 6.75 eV in the O 

spectrum.  

 

 

 

Table 4. Assignments of the labeled transitions in the NEXAFS spectra in Figure 6. 
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 label Transition orbital 
C K-edge 1 CPCH3 � P(s) + CP-CH3(s) + HP-CH3(s) LUMO 
 2 COCH3 � P(s) + CP-CH3(s) + HP-CH3(s) LUMO 
 3 CO-CH3(1s) � P(p) + CO-CH3 (s) +  

                               H(s)+OO-CH3(s) 
LUMO+1 

 4 CP-CH3(1s) � P(s) + CP-CH3(s) +  
                               COCH3(s) + H(s) 

LUMO+5 

 5 CP-CH3(1s) � CO-CH3(p)+H(s) LUMO+8 
 6 CP-CH3(1s) � P(p)+CP-CH3(p)+H(s) LUMO+9 
 7 CP-CH3(1s) � P(p)+CP-CH3(p)+H(s) LUMO+10 
O K-edge 1 OP-O(1s) � P(s) + CP-CH3(s) + HP-CH3(s) LUMO 
 2 OP=O(1s) � P(p) + CO-CH3 (s) 

                         + H(s)+OO-CH3(s) 
LUMO+1 

 3 OP=O(1s) � P(p) + CP-CH3(s) + H(s)  
                         + CO-CH3(s) + CO-CH3(p) 

LUMO+2 

 4 OP=O(1s)  � P(p) + CP-CH3(s)  
                         + CO-CH3(s) + H(s) 

LUMO+3 

 5 OP=O(1s) � P(p) + CP-CH3(s)  
                         + CO-CH3(s) + H(s) 

LUMO+4 

 6 OP=O(1s) � P(p) + CP-CH3(s)  
                         + CO-CH3(s) + H(s) 

LUMO+5 

 7 OO-CH3(1s) �P(s) + CP-CH3(s) + H(s) LUMO 
 8 OP=O(1s) � P(p) + H(s) LUMO+13 
 9 OP=O(1s) � P(p) + H(s) LUMO+14 
 10 OO-CH3(1s) �CP-CH3(s) +CO-CH3(s) + H(s) LUMO+11 
 11 OO-CH3(1s) � P(p) + H(s) LUMO+13 
 12 OO-CH3(1s) � P(p) + H(s) LUMO+14 
    
    

 

Conclusions 

To gain a thorough description of the electronic structure of DMMP, gas-phase photoelectron 

and NEXAFS spectroscopy studies were performed. The C and O K-edge NEXAFS spectra were 

found to be dominated by transitions to mixed valence/Rydberg states. Comparing both the 

valence and core-level spectra with those of the parent molecules trimethyl phosphate and 

trimethyl phosphine oxide, classic binding energy shifts with functional group substitution on the 

P atom were observed. Kohn-Sham orbital energies and partial density of states from DFT 

calculations were used to assign the valence photoelectron spectrum with more detail than a 

previous report.18 The calculations agree well with the spectroscopy results, and the DFT 

functionals will be used for further studies on DMMP reactivity and CWA properties. Though it 
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is beyond the scope of this work, the DFT calculations lay the foundation for the computation of 

other spectra such as UV and vacuum UV absorption spectra. 

These spectra provide a reference of the isolated molecule and can be used to interpret spectra 

of DMMP adsorbed to surfaces, an area of interest for studying materials for, e.g. CWA sensing 

and destruction. Previously, the assignment of a valence spectrum of a multilayer of DMMP on a 

Rh(100) surface42 was found to be too complex to fit, likely due to DMMP decomposition on the 

surface. With the greater availability of synchrotron light sources for such surface studies, better 

resolution can be attained, as demonstrated in this work. Moreover, the photon energy can be 

changed to take advantage of differing photoionization cross sections of elements. With the 

concrete assignment of our more resolved gas-phase valence spectrum, interpretation of DMMP 

adsorbed onto a surfaces could be more easily performed. Additionally, UV photoelectron 

spectroscopy (UPS) is often used to study the electronic structure of interfaces of electronic 

device materials where monolayers of organophosphonates have been used to tune energy 

levels.1 A library of gas-phase valence spectra of these molecules can aid in the interpretation of 

these UPS studies and build a knowledge base of which functional groups are needed in the 

organophosphonate to produce desired changes in energy levels. 
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