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All species involved in the multichannel decomposition of gas-phase dimethyl methylphosphonate (DMMP)
were investigated by electronic structure calculations. Geometries for stationary structures along the reaction
paths, were fully optimized with the MP2 method and the B3LYP and MPW1K DFT functionals, and the
6-31G*, 6-31++G**, and aug-cc-pVDZ basis sets. The geometries determined by the B3LYP and MPW1K
functionals are in very good agreement with the MP2 values. Increasing the basis set size from 6-31G* to
aug-cc-pVDZ does not significantly alter this result. Single point energy calculations were carried out with
highly accurate but computationally more expensive CBS-QB3 theory. DMMP has three conformers, which
lead to the four primary product channels, (O)P(CH2)(OCH3) + CH3OH, (O)P(CH3) (OCH3)(OH) + CH2,
c-(O)P(CH3)OCH2 + CH3OH, and (O)P(CH3)(OCH3)(OCH) + H2. The first channel has the lowest energy
barrier and is expected to be the most important pathway. It occurs via C-H and P-O bond cleavages
accompanied by O-H bond formation. The other three channels have higher and similar energy barriers, and
are expected to have smaller and similar rates. The product (O)P(CH3)(OCH3)(OCH) undergoes a secondary
decomposition to form (OH)P(CH3)(OCH3) + CO.

I. Introduction

The decomposition of organophosphorus compounds has been
of interest for several years, primarily for understanding the
destruction of chemical warfare agents (CWAs).1-22 Such
organophosphorus materials are extremely toxic nerve and
blistering agents, and include Soman (GD), Sarin (GB), and
VX. Since the testing of CWAs in the laboratory is quite
hazardous, typically, studies are done using less toxic simulants.
Dimethyl methylphosphonate (DMMP) is often used to simulate
the chemical and structural properties of toxic organophosphorus
compounds,7-12 because of its similarity in physical and
chemical properties to CWAs. DMMP, GB, and VX conform
to the structure

where R1 and R2 are differing functional groups. For DMMP,
R1 ) OCH3 and R2 ) CH3; for GB, R1 ) F and R2 ) CH(CH3)2;
and for VX, R1 ) SCH2CH2N(C3H7)2, and R2 ) CH2CH3.
DMMP is a liquid at 298 K, having a low vapor pressure of
1.05 Torr.9 The P-O and P-C bonds in DMMP are less reactive
than P-F bonds in actual nerve agents. DMMP is employed
by many experimentalist to predict the chemical reactivity of
Sarin. A detailed understanding of the complex chemistry of
DMMP decomposition is necessary to better interpret the
experimental efforts and to make accurate connections with the
reactivity of CWAs.

There are different methods for decomposing DMMP. An
important area of chemical warfare agent destruction is catalytic
decomposition using metals and metal oxides. Previous DMMP-
substrate research involved Rh(100),13 Mo(111),7 Pt(111),14

Pd(111),15 TiO2,16,17 Al2O3,10,18,23-25 SiO2,11,26 Fe2O3,12 MgO,19,20

Y2O3,21 and alumina-supported iron oxide.22 A kinetic model has
been developed for the decomposition of DMMP in a hydrogen/
oxygen flame.27 Ab initio calculations have been performed to study
the alkaline hydrolysis of the nerve agents paroxon28 and sarin,29

but apparently there are no similar studies for DMMP. In fact, there
appear to be no previous investigations of DMMP unimolecular
decomposition in any medium or environment.

In the current paper, we carry out a detailed theoretical study
of the potential energy surface (PES) for the gas-phase unimo-
lecular decomposition of DMMP using different levels of theory
to (1) establish the isomerization and dissociation unimolecular
pathways for DMMP and (2) to investigate the methods required
to accurately describe DMMP unimolecular decomposition.

II. Computational Method

The unimolecular decomposition reaction of DMMP was
examined at a variety of theoretical levels, since there are no
previous evaluations of computational methods or experimental
data for this system. All of the critical structures (equilibria and
transition states) for the different decomposition pathways were
fully optimized using second-order Møller-Plesset perturbation
theory (MP2)30 and two hybrid density functional theory (DFT)
methods, that is, the Becke three-parameter Lee-Yang-Parr
(B3LYP)31 and modified Perdew-Wang one-parameter model
for kinetics (MPW1K).32 MPW1K has been specifically de-
signed for accurate but tractable computations of barrier heights
and saddle point geometries. In this hybrid functional, the
proportion of Hartree-Fock exchange has been significantly
increased compared with the more traditional B3LYP. A
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comparison of basis set effects on geometries was also
performed by using the three different basis sets 6-31G*,
6-31++G**, and aug-cc-pVDZ33 for the B3LYP, MPW1K, and
MP2 calculations. Harmonic vibrational frequencies were
calculated using the above methods with the aug-cc-pVDZ basis
set, to compare the frequencies calculated at different levels of
theory and to check whether an obtained stationary point is a
minimum (with all real frequencies) or a transition state (with
a single imaginary frequency). For each transition state, the
intrinsic reaction coordinate (IRC)34 was calculated for both
directions off the saddle point, at the B3LYP/6-31G* level, to
guarantee its correct connection to the designated minima.
Finally, to obtain more reliable energies, higher level CBS-
QB335 calculations were performed for all stationary points using
the B3LYP/aug-cc-pVDZ geometries. The NWChem36 computer
program was used to perform most of the above electronic structure
calculations. Gaussian0337 was used to calculate the IRCs.

The MP2 optimizations were performed using the tight
convergence criteria and for the DFT calculations the conver-
gence criteria were set to: convergence energy 1.0 × 10-7,
convergence density 1.0 × 10-6, and convergence gradient 1.0
× 10-6, ensuring adequate convergence and the reliability of
the computed frequencies, especially those for the low-frequency
modes. For the same reason, the xfine grid was specified for
the DFT calculations.

III. Results and Discussion

Figure 1 depicts structures of all reactants, products, isomers
(Isom’s), intermediates (Im’s), and transition states (TS’s)
obtained for the unimolecular decomposition of DMMP, at the
B3LYP/aug-cc-pVDZ level of theory. To test the influence of
the methodology and basis set size on the calculated geometries,
geometries of all stationary points were optimized at the B3LYP,
MPW1K, and MP2 levels of theory using the 6-31G*,
6-31++G**, and aug-cc-pVDZ basis sets. The geometries
determined for conformer I and TS3, the lowest energy TS, with
the different levels of theory are listed in Table 1. The remaining
geometries are listed in Supporting Information, Table S1.
Figure 2 gives histograms of differences of bond distances (left)
and bond angles (right) between the different basis sets.

Four products containing phosphorus, P1-P4, are formed by
the primary decomposition of DMMP. A fifth product, P5, is
formed by a secondary decomposition of P4. The molecular
formulas for these products are

Vibrational frequencies for all stationary points were calcu-
lated with B3LYP, MPW1K, and MP2 using the aug-cc-pVDZ
basis set. The different levels of theory give similar vibrational
frequencies except for the lowest values. This is illustrated in
Figure 3 and Table 2. Figure 3 compares the computed
frequencies for conformer I with the experimental values8 in

terms of the relative uncertainty [νexp(i) - νcalc(i)]/νexp(i) for each
ith vibrational mode. Table 2 compares the frequencies calcu-
lated for conformer II and TS3. These two structures were
chosen since conformer II has the lowest vibrational frequencies
and TS3 is the lowest energy TS. The calculated vibrational
frequencies are listed in Supporting Information, Table S2 for
all stationary points. As discussed above, the xfine grid was
used for the frequency calculations. A scaling factor was not
used to adjust the calculated harmonic frequencies to experi-
mental anharmonic values.

To test the reliability of the frequency calculations, different
levels of accuracy of numerical integration, that is, default, fine,
and xfine, were used to calculate the frequencies at the B3LYP/
aug-cc-pVDZ level of theory for conformers I and II, isomer 1
(Isom1), and intermediate 1 (Im1), which have low frequencies.
The largest frequency differences calculated, using these three
levels of accuracy, lie in the lowest four frequencies. In general,
most of the low frequencies are insensitive to the DFT grid
settings, but for some of the low frequencies, it is necessary to
use more grid points. The largest difference between the default
and the fine frequencies for conformers I and II, Isom1 and
Im1 is 5, 8, 4, and 8 cm-1, respectively. For the fine and xfine
frequencies, these respective differences are smaller and 2, 3,
3, and 2 cm-1. The largest percentage difference between the
frequency values is for a conformer II extremely low vibrational
frequency, which is 22 and 14 cm-1 for the default and fine
grids, respectively. With the xfine grid, this frequency is 12
cm-1.

Table 3 displays the relative energies for the stationary points
calculated with B3LYP, MPW1K, and MP2 using the aug-cc-
pVDZ basis set. CBS-QB3 energies were chosen as a benchmark
for the accuracy of the calculations and were compared with
energies calculated at the above levels of theory. For convenient
comparisons, the energy of DMMP conformer I, which has the
lowest energy, is set to zero. A schematic reaction coordinate
PES diagram is given in Figure 4, which illustrates the
connection of the different stationary points by their IRCs. The
energies included are the CBS-QB3 values.

In the following details of the structures, vibrational frequen-
cies, and energies of the stationary points are presented, as well
as properties of the decomposition mechanisms. Also included
are comparisons of the different theoretical methods.

A. Conformers and Isomers of DMMP. A search of the
DMMP PES was carried out at the B3LYP/6-31G* level of
theory using 10 starting geometries involving different orienta-
tions of the methoxy groups. Six equilibrium geometries were
obtained by these calculations, referred to as conformers I-IV
and isomers 1 and 2 (Isom1 and Isom2), and they remained
after a second set of calculations using MP2/aug-cc-pVDZ theory.
Their CBS-QB3 relative energies are depicted in Figure 4.

Conformer I has the lowest energy, and it can readily
interconvert to conformers II-IV through an internal rotation
about the P-O bond. Though, conformer I has a totally
asymmetric geometry with inequivalent methoxy groups and
conformer II has a plane of symmetry, they are nearly
isoenergetic, with conformer II only 0.4 kcal/mol higher in
energy. Conformers III and IV are enantiomorphous and have
an asymmetric geometry with two methyl groups located on
the opposite sides of the PO2O3 plane. They lie 1.9 kcal/mol
higher in energy than conformer I. None of the intrinsic reaction
coordinates (IRCs)32 found in this work, which connect DMMP
with its unimolecular decomposition products, involved con-
former IV.

P1 (O)P(CH2)(OCH3)

P2 (O)P(CH3)(OCH3)(OH)

P3 c-(O)P(CH3)OCH2

P4 (O)P(CH3)(OCH3)(OCH)

P5 (OH)P(CH3)(OCH3)
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Isomers 1 and 2 are higher energy structures. For Isom1, a
H atom is transferred from the -CH3 group to the O atom of
the PdO bond. For Isom2, a H atom is transferred from one of
the -OCH3 groups to the O atom of PdO, resulting in a POCH2

three-membered ring. No reaction paths were found between
these isomers and the possible products.

A previous rotational spectroscopy and ab initio study of
DMMP considered its structure.38 Ab initio calculations carried

Figure 1. Stationary point geometries optimized at the B3LYP/aug-cc-pVDZ level of theory with identifying labels.
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out at both the HF/6-31G* and the MP2/6-311G* levels of
theory indicated there may be as many as three possible low-
energy gas-phase conformations at 300 K, similar to what we
find. However, they did not identify conformer IV. By compar-
ing their ab initio-calculated structures with the experimental
data, they concluded that the conformer that best models the
experimental results is the lowest energy conformer I.

B. Intermediates, Transition States, and Products. 1. Ge-
ometries. Figure 2 shows the differences in the stationary point
geometries of changing the basis set from 6-31G*, 6-31++G**
to aug-cc-pVDZ, for B3LYP, MPW1K, and MP2, respectively.
The differences of bond distances and bond angles between the
basis sets, that is, (aug-cc-pVDZ)-(6-31G*), (aug-cc-pVDZ)-(6-
31++G**), and (6-31++G**)-(6-31G*), are reported in histo-
grams for B3LYP, MPW1K, and MP2, and each histogram is fit
with the normal distribution of error curve. The position of the
maximum of the normal distribution of error curve corresponds to
the mean deviation of the error while the half-width at half-
maximum reflects the scattering of the error’s standard deviation.
The average values of the (aug-cc-pVDZ)-(6-31G*), (aug-cc-
pVDZ)-(6-31++G**), and (6-31++G**)-(6-31G*) normal dis-
tribution curves for B3LYP (MPW1K, MP2), are 0.011 (0.007,
0.009), 0.008 (0.007, 0.009), and 0.003 (-0.005, -0.0004) Å,
respectively, and their respective standard deviations are 0.024
(0.022, 0.026), 0.016 (0.014, 0.019), and 0.014(0.014, 0.014) Å.
In general, changing the basis set results in only small differences
in bond distances for each of the three methods, and the differences
of the bond lengths are generally less than 0.05 Å. The largest
differences, around 0.1 Å, lie in C3-H2 in TS4, C3-H1 in TS2,
and O3-C3 in Im1. For all three methods, the means of (aug-cc-
pVDZ)-(6-31G*) and (aug-cc-pVDZ)-(6-31++G**) are statisti-
cally close and larger than the means of (6-31++G**)-(6-31G*).
The standard deviations have the same trend, which means aug-
cc-pVDZ gives slightly different bond distances as compared with
6-31++G** and 6-31G*.

Now consider the effects of changing the basis sets on bond
angles. As shown in Figure 2, the average values of the (aug-

cc-pVDZ)-(6-31G*), (aug-cc-pVDZ)-(6-31++G**), and (6-
31++G**)-(6-31G*) normal distribution curves for B3LYP
(MPW1K, MP2), are -0.24 (-0.24, -0.58), -0.35 (-0.39,
-0.66), and 0.11 (0.15, 0.08)°, respectively, and their respective
standard deviations are 1.34 (0.96, 1.32), 1.15 (0.93, 1.51), and
1.02 (1.03, 1.02)°. For all three methods, 6-31++G** and
6-31G* give relatively similar bond angles, and they have
opposite systematic errors as compared with aug-cc-pVDZ. The
standard deviations are statistically the same when varying the
basis sets. The differences of the bond angles are generally less
than 2°, and the most important change observed in the geometry
with increase in the basis set size, for each of the three methods,
corresponds to the angles of P-O3-C3 for Im1 and TS2. In
addition, the B3LYP/aug-cc-pVDZ O1-P-O2 and O1-P-O3
bond angles in Isom1 differ by 3.7° and 3.4°, respectively, from
the B3LYP values obtained with the 6-31++G** basis set. For
the same angles in Isom1, MP2/aug-cc-pVDZ also differs around
4.5° from those obtained with other two basis sets. The B3LYP/
aug-cc-pVDZ H1-C3-H2 bond angle in TS4 is 31.3°, and
larger than 25.6° obtained by B3LYP/6-31G*.

In general, the B3LYP, MPW1K, and MP2 stationary point
structures with aug-cc-pVDZ are in very good agreement. The
calculated geometries with the two different functionals, B3LYP
and MPW1K, are only slightly different. The bond distances
change by 0.1 Å or less, and bond angles change by 2.5° or
less. Variations in the bond lengths obtained by the DFT and
MP2 methods are less than 0.2 Å, and variations in the bond
angles are 4° or less, except for the angle of P-O3-C3 of Im1,
TS2, and TS6, for which the differences between B3LYP and
MP2 are as large as 5.9, 5.4, and 5.1°, respectively. In addition,
for the bond angle P-O1-H1 of TS1, the difference between
B3LYP and MP2 is 5.0°.

2. Vibrational Frequencies. The gas-phase vibrational spec-
trum of DMMP has been measured by Cuisset and co-workers8

and is compared with the harmonic B3LYP, MPW1K, and MP2
vibrational frequencies of the lowest energy conformer I in
Figure 3. Figure 3 illustrates that most of the experimental

TABLE 1: Geometries Determined for Conformer I and TS3 with Different Levels of Theory

B3LYP MPW1K MP2

6-31G* 6-31++G** aug-cc-pVDZ 6-31G* 6-31++G** aug-cc-pVDZ 6-31G* 6-31++G** aug-cc-pVDZ

Conformer I
RP-O1 1.49 1.49 1.51 1.47 1.47 1.48 1.49 1.50 1.51
RP-O2 1.62 1.62 1.64 1.59 1.59 1.61 1.61 1.61 1.63
RP-O3 1.63 1.63 1.65 1.61 1.61 1.62 1.63 1.63 1.65
RP-C1 1.81 1.81 1.81 1.79 1.79 1.79 1.80 1.79 1.80
θO1-P-C1 116.6 116.4 116.8 116. 7 116.5 116.7 116.7 116.5 116.6
θO1-P-O2 117.2 116.8 117.0 116.8 116.4 116.6 117.4 117.2 117.4
θO1-P-O3 113.9 113.4 113.7 113.4 113.0 113.4 113.7 113.3 113.8
θP-O2-C2 118.8 119. 7 118.3 118.5 119.2 117.8 117.0 117.8 115.5
θP-O3-C3 120.0 120.4 119.3 120.0 120.4 118.9 117.9 118.4 116.1
θO2-P-O3 101.3 101. 7 101.0 101.6 101.9 101.2 101.0 101.2 100.4
TS3
RO1-C2 2.13 2.16 2.15 2.08 2.10 2.10 2.07 2.09 2.08
RO2-C2 2.13 2.16 2.15 2.07 2.10 2.10 2.07 2.09 2.08
RP-O1 1.54 1.54 1.56 1.52 1.52 1.52 1.54 1.55 1.57
RP-O2 1.54 1.54 1.56 1.52 1.52 1.52 1.54 1.55 1.57
RP-O3 1.63 1.63 1.65 1.61 1.61 1.61 1.63 1.63 1.66
RP-C1 1.81 1.81 1.81 1.79 1.79 1.79 1.80 1.79 1.81
RO3-C3 1.43 1.43 1.43 1.41 1.41 1.41 1.44 1.44 1.45
θP-O1-C2 91.1 91.8 91.6 91.2 91.7 91.8 90.7 91.1 91.0
θP-O2-C2 91.0 91.6 91.6 91.4 91.7 91.6 90.7 91.1 91.0
θO1-P-C1 113.0 113.2 113.7 113.5 113.6 113.6 113.6 113.8 114.4
θO1-P-O2 106.8 106.6 106.0 113.5 105.8 105.8 105.4 105.3 104.4
θO1-P-O3 112.2 112.1 112.1 112.1 120.0 112.0 112.4 112.2 112.3
θP-O3-C3 118.6 119.6 118.2 118.2 119.0 119.0 116.6 117.3 115.0
θO2-P-O3 112.2 112.1 112.1 112.1 111.9 111.9 112.4 112.2 112.3
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frequencies are predicted by the calculations with a relative
uncertainty lower than 10%, except for the lowest frequencies
obtained by B3LYP and MP2 for which the relative uncertainties
are around 15% and 12%, respectively. For the three modes
with νexp(i) > 1600 cm-1, B3LYP gives the best agreement with
experimental frequencies with relative uncertainties of ap-
proximately 5%. For the modes with 850 cm-1 < νexp(i) < 1600
cm-1, the relative uncertainties obtained by B3LYP are smaller
than 1%, except for the experimental frequencies of 1275 and
1521 cm-1 with relative uncertainties of 5% and 3%. For this
spectral region, the frequencies calculated with MP2 are close
to those obtained by B3LYP, while MPW1K gives relatively
large relative uncertainties. Within the low-frequency part of
the vibrational spectrum (νexp(i) < 850 cm-1), MPW1K gives
smaller relative uncertainties than do B3LYP and MP2.

3. Energies. a. CBS-QB3 Energies. To obtain more reliable
energies beyond the MP2 and DFT results, energy calculations
were also performed with the CBS-QB3 multilevel method,
which employs nonlinear pair natural orbital extrapolations to
the complete basis set limit.33 First, consider the energies of
the conformers, isomers, intermediates, and products. As shown
in Table 3, the MP2, MPW1K, and B3LYP energies for the
DMMP conformers and Im1 are in good agreement with the
CBS-QB3 values. For P1, P3, and P5, MP2 and MPW1K give
a better relative accuracy than does B3LYP, when compared
with CBS-QB3. However, for P2 and P4, the CBS-QB3 energies
are much lower than those of MP2 and MPW1K. For most of
the transition states, the CBS-QB3 energies are closer to the
B3LYP values and lower than the MPW1K and MP2 energies.
The difference in this trend is for TS6 and TS7, whose CBS-

Figure 2. Histograms of differences of bond distances (left) and bond angles (right) between different basis sets, that is (aug-cc-pVDZ)-(6-31G*)
(red color), (aug-cc-pVDZ)-(6-31++G**) (green color), and (6-31++G**)-(6-31G*) (blue color) for B3LYP (a), MPW1K (b), and MP2 (c). 116
bond lengths and 118 bond angles for B3LYP, MPW1K, and MP2 are included in each of the histograms and each is fit with the normal distribution
of error curve. The fitting parameters are given in the text.

13766 J. Phys. Chem. A, Vol. 113, No. 49, 2009 Yang et al.



QB3 energies are closer to the MPW1K energies, and are 5.8
and 5.2 kcal/mol higher, respectively, than the B3LYP energies.
For TS8, the CBS-QB3 energy is much closer to the MP2 energy
than DFT energies.

b. MP2 and DFT Energies. The relative energies found with
the B3LYP, MPW1K, and MP2 levels of theory, using the aug-
cc-pVDZ basis set, as compared with the CBS-QB3 energies
are shown in Figure 5. Nineteen different stationary point
energies are included in the histograms, and each is fit with the
normal distribution of error curve. The average values of the
B3LYP, MPW1K, and MP2 normal distribution curves are
-2.4, 2.9, and 1.0 kcal/mol, respectively. Their respective
standard deviations are 4.6, 6.2, and 4.9 kcal/mol.

MP2 theory gives a relatively smaller systematic error than
do the B3LYP and MPW1K theories. The means between
B3LYP and MPW1K are different and have opposite systematic
errors. The standard deviations of B3LYP and MPW1K are not
statistically different, which means B3LYP and MPW1K are
of similar accuracy. Each of these methods suffers from species
being found in the highly chemically significant tails of the
distributions. As shown in Table 3, the principal differences
between the B3LYP and the MP2 energies are for the products.
For P1-P5, the B3LYP energies are higher than the MP2
energies by 8.5, 5.7, 6.2, 4.9, and 5.7 kcal/mol, respectively,
whereas the energy differences between MPW1K and MP2 are
only 0.2, 0.4, 2.4, 2.7, and 7.1 kcal/mol for these products. For

TS8, the difference between B3LYP and MPW1K reaches 22
kcal/mol, with the latter apparently much too high.

C. Isomerization and Dissociation Pathways. 1. Reactions
DeriWed from Conformer I. As shown in Figure 4, there are
the two reaction paths from conformer I

The first path involves DMMP isomerization to Isom2 via
TS1. In TS1, a 1,3 H shift from the C atom of OCH3 to the O
atom of PdO is associated with concerted O-H bond formation
and P atom and C atom ring closure, to form the PCO three-
membered ring for Isom2. The CBS-QB3 barrier for this process
is 62.9 kcal/mol.

For path 2, a migration of a H atom from a C atom to an O
atom first forms intermediate Im1. The resulting elongation of
the O-C bond varies from 0.27 Å to 0.32 Å for the different
calculations. Im1 then dissociates to form P2 and CH2. For this
dissociation process, no transition state was found. To further
confirm the absence of a barrier, a pointwise potential curve at
the B3LYP/aug-cc-pVDZ level was calculated as shown in
Figure 6. For each fixed O-C bond length, the remaining
internal coordinates were optimized. Thus, this addition process
is a barrierless association.

2. Reactions DeriWed from Conformer II. Two reactions
occur from conformer II; that is

For path 3, the CH3 group shifts between two oxygen atoms,
O1 and O2, with a 58.7 kcal/mol barrier. Path 4 is a 1,1-HH
elimination reaction first leading to the products H2 and P4. The
P-O-C-H dihedral angle in P4 is slightly nonplanar with a
value of 176.1°. In a secondary dissociation, P4 dissociates via
TS8 to give the products CO and P5 via a 1,3 H shift from a C
atom to an O atom accompanied by P-O bond cleavage. TS8
has a loose POCHO five-membered planar ring structure. At
the B3LYP/aug-cc-pVDZ level, the migrating hydrogen is 1.15
Å away from the origin (C atom), and 1.86 Å away from the
migrating terminus (O atom). The P-O bond that is broken is
surprisingly long at 2.34 Å. The CBS-QB3 barriers are 92.8
and 24.5 kcal/mol for conformer II f TS4 f P4 + H2 and P4
f TS8 f P5 + CO, respectively.

3. Reactions DeriWed from Conformer III. There are three
feasible pathways from conformer III:

As shown in Figure 1 and Figure 4, path 5 is a simple H
shift from the C atom of a CH3 group to the O atom of PdO
leading to Isom1. The CBS-QB3 barrier for this process is 61.1

Figure 3. Calculated vibrational frequencies of conformer I of DMMP
compared to the anharmonic experimental frequencies.8 Relative
uncertainties for three different levels of theory are plotted as a function
of the frequencies of the modes. Squares, circles, and triangles are
associated with the harmonic frequencies calculated with B3LYP, MP2,
and MPW1K using the aug-cc-pVDZ basis set.

Path 1: Conformer I f TS1 f Isom2

Path 2: Conformer I f TS2 f Im1 f P2 + CH2

Path 3: Conformer II f TS3 f Conformer II

Path 4: Conformer II f TS4 f P4 + H2

P4 f TS8 f P5 + CO

Path 5: Conformer III f TS5 f Isom1

Path 6: Conformer III f TS6 f P1 + CH3OH

Path 7: Conformer III f TS7 f P3 + CH3OH
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kcal/mol. As shown in Figure 1, TS5 has a loose POHC four-
membered ring structure, whose B3LYP/aug-cc-pVDZ geometry
is slightly nonplanar with a dihedral angle of 2.1°. The distance
of the forming O-H bond is 1.24 Å, while that of the C-H
bond that is broken is 1.60 Å.

Both paths 6 and 7 involve C-H and P-O bond cleavages
accompanied by O-H bond formation through transition states
TS6 and TS7, respectively. Conformer III dissociates to CH3OH.
The difference between the two paths is that the migrating
hydrogen is from the methyl group for TS6, whereas for TS7 it
is from a methoxy group. The CBS-QB3 dissociation barriers
are 71.3 and 88.5 kcal/mol for paths 6 and 7, respectively. In
TS6 and TS7, the respective forming O-H bond lengths are
1.13 and 1.09 Å, while the breaking P-O distances are 1.95
and 2.04 Å. TS6 has a four-membered ring structure, which is
slightly nonplanar with a B3LYP/aug-cc-pVDZ dihedral angle
of 5.2°. In TS7, besides O-H bond formation and P-O bond
breakage as in TS6, a new P-C bond is formed with a bond
distance of 2.15 Å. Therefore, the structures of P1 and P3 are
quite different. P1 is planar, while P3 has a three-membered
ring.

D. Reaction Mechanisms. As presented above, seven reac-
tion channels are found for the gas-phase unimolecular decom-
position of DMMP, and it is of interest to consider the expected
mechanism(s) for the thermal gas-phase dissociation of DMMP.
DMMP has three conformers, conformers I-III, which are
formed by an internal rotation about a P-O bond. These three
species have similar potential energies but different dissociation
channels as shown in Figure 4. DMMP has two additional
isomers in which a H atom is transferred to the O atom of the
PdO bond, that is, Isom1and Isom2. No decomposition paths
were found from these two isomers.

The overall barrier heights for the pathways from a DMMP
conformer to products or another DMMP isomer are slightly
dependent on the level of theory, as shown below for the aug-
cc-pVDZ basis set:

TABLE 2: B3LYP, MPW1K, and MP2 Harmonic
Frequencies for Conformer II and TS3a

B3LYP MPW1K MP2

Conformer II
12 22 23
62 65 78
97 114 93
121 134 129
167 180 173
196 207 206
206 215 212
255 268 261
292 301 296
355 376 364
444 466 445
486 508 494
675 728 694
753 806 768
785 831 813
896 919 895
916 940 915
1039 1123 1046
1066 1150 1071
1162 1201 1174
1162 1202 1174
1183 1227 1191
1188 1229 1198
1206 1266 1215
1305 1342 1312
1426 1457 1441
1428 1460 1443
1442 1484 1455
1448 1489 1462
1469 1510 1492
1475 1516 1498
1476 1517 1500
1481 1523 1505
3032 3113 3074
3035 3116 3077
3063 3140 3094
3114 3206 3173
3116 3208 3175
3144 3234 3207
3144 3236 3207
3162 3254 3212
3162 3254 3212
TS3
626i 719i 782i
41 73 81
77 84 82
81 97 98
138 148 144
156 178 166
188 192 194
238 247 238
286 295 288
368 388 373
412 444 429
435 459 464
480 504 483
705 757 722
770 820 793
808 877 865
829 883 881
889 923 903
903 928 911
1038 1107 1039
1061 1145 1055
1077 1155 1115
1163 1202 1172
1186 1226 1193
1193 1263 1243
1298 1336 1305
1394 1426 1422
1424 1457 1439
1428 1461 1442
1444 1485 1452
1446 1488 1490
1470 1509 1491
1481 1522 1504
3026 3106 3064
3061 3139 3087
3101 3193 3152
3139 3214 3157
3144 3229 3199
3159 3250 3203
3160 3251 3204
3314 3387 3306
3322 3404 3331

a The aug-cc-pVDZ basis set was used for the calculations.

TABLE 3: B3LYP/aug-cc-pVDZ, MPW1K/aug-cc-pVDZ,
MP2/aug-cc-pVDZ, and CBS-QB3 Relative Energies (kcal/
mol) for Stationary Points on the DMMP PES

structure B3LYP MPW1K MP2 CBS-QB3

conformer I 0 0 0 0
conformer II 0.0 0.1 0.2 0.4
conformer III and IV 2.1 2.1 1.6 1.9
Isom1 40.2 40.2 41.1 42.8
Isom2 46.3 44.2 44.2 48.7
Im1 86.3 91.2 88.7 87.7
P1 + CH3OH 58.2 66.5 66.7 70.7
P2 + CH2 99.1 104.4 104.7 94.3
P3 + CH3OH 50.8 54.6 57.0 59.7
P4 + H2 88.3 95.9 93.2 81.7
P5 + H2 + CO 43.0 55.8 48.7 51.4
TS1 63.0 63.0 63.3 62.9
TS2 89.9 95.9 93.2 89.7
TS3 58.0 65.8 61.7 59.1
TS4 94.2 101.2 100.8 93.2
TS5 62.7 64.0 63.4 63.0
TS6 67.4 71.8 68.1 73.2
TS7 85.2 89.4 84.5 90.4
TS8 + H2 101.4 123.1 108.6 106.2

a The standard deviations of the B3LYP, MPW1K, and MP2
energies are 4.6, 6.2, and 4.9 kcal/mol, respectively.

CBS-QB3: TS3(59.1) < TS1(62.9) ≈ TS5(63.0) <
TS6(73.2) < TS2(89.7) < TS7(90.4) < TS4(93.2)
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For each theoretical method, the TS1 and TS5 energies differ
by less than 1 kcal/mol. The energy for TS3 differs from those
of TS1 and TS5 by less than 5 kcal/mol. The pathways for TS1,
TS3, and TS5 involve isomerizations between the DMMP
conformers. The lowest energy dissociation pathway is via TS6
to form P1, (O)P(CH2)(OCH3), + CH3OH. There are several

differences between the predictions of the different theoretical
methods. For the CBS-QB3, B3LYP, and MP2 methods, the
energy of TS3 is lower than those of TS1 and TS5, whereas
for the MPW1K method, it is higher. In comparing the higher
energy dissociation pathways, for the MP2, MPW1K, and
B3LYP methods, the TS7 energy is lower than that of TS2, but
for the CBS-QB3 method, it is slightly higher than TS2 and
lower than TS4.

In an extensive study, Zheng et al.39 compared different
theoretical methods and basis sets for calculating barrier heights
for chemical reactions. Their calculations were performed for
a representative set of heavy atom transfer, nucleophilic
substitution, unimolecular and association, and hydrogen transfer
reactions. Their benchmark energies came from experiment and
Weizmann-140 and Weizmann-241 calculations. The latter are
combined CCSD and CCSD(T) calculations with large basis
sets. Energies from different electron structure theories were
compared with these benchmark values. They compared CBS-
QB3 and MP2, MPW1K, and B3LYP, with the 6-31+G (d,p)
basis sets and found that their mean unsigned errors in the barrier
heights of the representative set of reactions for CBS-QB3, MP2,

Figure 4. Energy profile (in kcal/mol) of the IRC-PES for DMMP unimolecular decomposition. The energies are the CBS-QB3 values.

Figure 5. Histograms of differences between stationary point energies
calculated with B3LYP, MPW1K, and MP2, employing the aug-cc-
pVDZ basis set, and the CBS-QB3 values. Nineteen different stationary
point energies are included in each of the histograms and each is fit
with the normal distribution of error curve. The fitting parameters are
given in the text.

MP2: TS3(61.7) < TS1(63.3) ≈ TS5(63.4) < TS6(68.1) <
TS7(84.5) < TS2(93.2) < TS4(100.8)

MPW1K: TS1(63.0) ≈ TS5(64.0) < TS3(65.8) <
TS6(71.9) < TS7(89.4) < TS2(96.0) < TS4(101.2)

B3LYP: TS3(58.0) < TS5(62.7) ≈ TS1(63.0) <
TS6(67.4) < TS7(85.2) < TS2(89.9) < TS4(94.2)

Figure 6. Dissociation curve of intermediate Im1 to the products P2
+ CH2 for DMMP unimolecular dissociation at the B3LYP/aug-cc-
PVDZ level. R is the C-O distance (Å). V (kcal/mol) is the relative
energy with respect to the products P2 + CH2.
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MPW1K, and B3LYP are 1.56, 6.25, 1.92, and 4.84 kcal/mol.
The CBS-QB3 and MPW1K/6-31+G (d,p) methods were found
to have similar accuracies, with MP2/6-31+G (d,p) giving
considerably less accurate barrier heights.

This near equivalence between CBS-QB3 and MPW1K is
not found for the stationary point energies reported here for
phosphorus containing compounds. As shown in Figure 5 for
the transition states and potential minima of the phosphorus
containing compounds, the MP2 and B3LYP energies with the
aug-cc-pVDZ basis set are in better agreement with the CBS-
QB3 values than are the MPW1K/aug-cc-pVDZ energies.

IV. Summary

This work investigated geometries, frequencies, and energies
of the reactants, isomers, intermediates, transition states, and
products and mechanisms for the unimolecular decomposition
of gas-phase DMMP. The B3LYP, MPW1K, MP2 and CBS-
QB3 theories were used for the quantum chemical calculations.
The effect of basis set size was also considered. The results
show that the variations in bond distances, caused by changing
the basis set, are relatively small for most of the stationary
points. Bond angle differences depend on the stationary point
and calculation methods and range from 0° to 7.8°. Overall,
the geometries calculated at the different levels of theory are in
good agreement. For the aug-cc-pVDZ basis set, the primary
geometry differences obtained by the functionals B3LYP and
MPW1K lie in the bond angles of the transition state TS7 (2.6°)
and TS5 (2.5°). Also, the largest variation in the DFT and MP2
geometries is 5.9° for the bond angle P-O3-C3 of Im1.

CBS-QB3 energies were chosen as a benchmark for the
accuracy of the calculations and were compared with energies
calculated with MP2, B3LYP, and MPW1K. For the DMMP
unimolecular decomposition pathways, the energy barriers for
the isomerization processes, that is, channels 1 and 5, are nearly
the same at all levels of theory, and lower than the barriers for
the dissociation processes, that is, channels 6, 2, 7, and 4. Four
different products, P1, P2, P3, and P4, whose structures are given
in Figure 1, are observed. Among these products, P1 is the most
favorable with a CBS-QB3 barrier for formation of 71.3 kcal/
mol. The formation of P2, P3, and P4 are predicted to be
competitive, because the barriers for their formation are similar.
The product P4 forms a fifth product, P5, by a secondary
reaction.

Finally, it is important to emphasize that the reaction
mechanisms identified here are for gas-phase DMMP and
provide an understanding of DMMP decomposition in the
absence of a catalyst. A catalyst such as TiO2(s) will lower the
barrier height for DMMP decomposition and, in addition,
possibly the decomposition pathways. Calculations are planned
to study the catalytic decomposition of DMMP, and it will be
of interest to determine the extent of similarity with the gas-
phase decomposition.
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