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In this paper the reaction kinetics of dimethyl phosphoramidate with hydroxyl radical was investigated with Density Functional
Theory. Geometry optimization and energy calculations of the reactants, the pre-reactive complexes, the transition states and
the products were performed at the B3LYP/6-31G(d) basis set. The water effect was computed by using CPCM as the solva-
tion model. Rate constants of all the possible reaction paths were calculated via Transition State Theory. The branching ratio
for each of the reaction paths was calculated. The most probable reaction path was found the hydrogen abstraction from methyl
group of dimethyl phosphoramidate.
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Introduct ion
Organophosphorus compounds are those having at least

one phosphorus atom bonded to carbon atom. Phos-
phoramidate is an important class of orgonaphosphorus com-
pounds1. This class is characterized by possessing one amino
functional group bonded to phosphorus atom in their struc-
ture2. They are used in different areas such as insecticides,
flame retardant, lubricating oil additives and in medicine in-
dustry as an antitumor1–3. As a consequence of increasing
use over time, they have found in different environmental
counterparts4. They transport to atmosphere and also reach
aqueous resources from different process. The persistence
of them in aqueous environment have a public concern be-
cause of their toxic character4,5. Hence, removal of these
compounds from the environment is a necessary task. There-
fore, there is a need to remove these compounds from the
environment.

Hydroxyl radical has the major role in the degradation
reactions of organic pollutants6. Therefore, mechanism and
kinetics of the degradation reactions of organic pollutants
with OH radical are important. However, limited information
is available on the phosphoramidates degradation reaction
mechanism. There are some experimental kinetic studies in
the literature about phosphoramidates. Sun et al. have in-

vestigated the photocatalytic decomposition of diethyl
phosphoramidate (DEPA) over TiO2. They examined that the
parameters like pH, reactant concentration, TiO2 concentra-
tion and temperature that affected to the reaction kinetics of
DEPA7. Photocatalytic oxidation of some organophosphorous
compounds in water TiO2 suspension studied by some re-
searchers8,9 and they observed that oxidation mainly pro-
ceeded through the  carbon atom. Although, it is not pos-
sible to understand the reaction mechanism or product
distrubition from these studies. Product distribution of a re-
action is also important to predict the detailed reaction mecha-
nism and relative importance of each reaction paths10,11.

The important problem in kinetic studies is to determine
intermediates because of their short lifetime. Morover, some-
times intermediates are more toxic than reactants12. For these
reasons theoretical calculation methods can be suitable al-
ternatives. Indeed, these methods can offer necessary infor-
mations on the reaction mechanism, products and interme-
diates13.  As far as we know, there is no experimental or
theoretical study about the reaction of dimethyl phos-
phoramidate with OH radical. The aim of this study to deter-
mine the reaction mechanism of DMP with OH radical. For
this purpose rate constants and product distributions of all
the possible reaction paths were calculated in gas phase
and aqueous medium.
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Computational method
In this study, DMP and hydroxyl radical reaction was in-

vestigated theoretically. Geometry optimizations of the reac-
tants, the product radicals, the pre-reactive and the transi-
tion state complexes were performed with the Density Func-
tional Theory (DFT) method within the GAUSSIAN 09 pack-
age14. DFT calculations were performed with B3LYP method
which combines HF and Becke exchange term with Lee-Yang-
Parr correlation functional with 6-31G(d) as the basis set15,16.
The forming bonds were chosen as reaction coordinate in
determining the transition states structures. All the station-
ary states were confirmed by having real frequencies whereas
transition states have only one imaginary frequency that re-
lated to reaction coordinate12,17. Intrinsic Reaction Coordi-
nate (IRC) calculations have been performed in order to verify
the connections of transition states to true reactant and prod-
ucts18. The solvent effect on the reaction was taken into ac-
count using CPCM (the conductor-like polarizable
continuum model) as the solvation method. The solvent was
water with the dielectric constant value  = 78.39. In this
method, solute molecule is placed in a cavity that surrounded
by solvent molecule19.

Results and discussion
Product radicals, pre-reactive and transition state com-

plexes:
The hydroxyl radical is a very active species and has an

electrophilic character20. In this study the four possible reac-
tion pathways investigated for the DMP with OH radical re-
action are given in the Fig. 1. Based on the literature search,
the OH radicals react with DMP four different ways21. The
OH radicals react with hydrocarbons through H-abstraction
and it is a simple atom transfer reaction12. In this reaction
two different hydrogen can be abstracted by hydroxyl radi-
cal. The first one, from methyl group (Path 1) and the second
one from amino group (Path 2). For these paths one of the
C-H or N-H bond is broken and a new bond is formed to the
oxygen atom of OH radical. Another feasible reaction way is
OH radical attack to the double bond of the P atom of P=O
group (Path 3). The fourth reaction pathway is, O-CH3 bond
cleavage, OH radical bound to CH3 group to form CH3OH
as a product (Path 4).

Four different radicals were determined  as the products
of the reaction between DMP and OH radical. Potential en-
ergy profile of the modeled reaction mechanism with the struc-
tures of the optimized radical products were represented in
Fig. 2(a) and (b) for gas phase and aqueous medium re-
spectively. As seen in Fig. 2 the most stable product radical
was R1 whose energy was 5.70, 21.47 and 20.64 kcal mol–1

less than the R2, R3 and R4 respectively. The same sequence
was observed for aqueous medium. It may be concluded
that R1 was the most probable radical by using Wheland
localization approach22. R1 and R2 radicals are more stable
in aqueous medium. This was attributed to the hydrogen bond
stabilization between the water molecules and product radi-
cals. The stabilities of the product radicals increase by ca.
9.51 kcal mol–1 in aqueous medium.

It has been demonstrated that, weakly bound complexes
were formed between the OH radical and DMP. These com-
plexes are pre-reactive complexes. Because of these com-
plexes the reaction pathways which being investigated pro-
ceed through lower energy barrier than the reagents12. For
the DMP with OH radical reaction two different pre-reactive
complexes PC1 and PC2 were determined due to the litera-
ture search. There is no pre-reactive complexes for Path 3

Fig. 1. Possible reaction paths for the DMP + OH reaction.
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Fig. 2. Potential energy diagram for the reaction of DMP with OH radical for (a) gas phase and (b) aqueous medium.

Fig. 3. The optimized structures of the pre-reactive complexes.

and 4 due to higher energies of TS complexes than reac-
tants. This pathways were energetically unfavorable23. The
structure of pre-reactive complexes of DMP with OH radical
reaction were presented in Fig. 3. The OH radical is seen to
approach the hydrogen atom almost 79º in the abstraction
paths. The main difference in the optimized geometries oc-
curs in the distance between the oxygen atom of OH and
the hydrogen atom that being abstracted. This distance were
2.396 Å for PC1 and 2.151 Å for PC2. Energetically PC2 was
more stable than PC1 in both phases. PC1 and PC2 were
lying 5.46 and 7.19 kcal mol–1 below isolated reactants re-
spectively. The PC2’s energy  was 1.73 kcal mol–1 below
than PC1. In aqueous media the same squence was ob-
served.

Four transition states TS1, TS2, TS3 and TS4 were de-
termined for the possible reaction paths.  The optimized struc-
tures of the transition states were given in Fig. 4. In the ab-
straction reaction paths (Path 1 and 2) OH radicals approach
one of the hydrogen atom of DMP to form an O-H bond while
the C-H or N-H bonds are broken. The considerable changes

in the goemetry of DMP are localized around the hydrogen
atom being abstracted the carbon atom (TS1) or nitrogen
atom (TS2) in the transition state complexes. The breaking
bond is lengthening the others stay the same. The lenghtening
of the C-H and N-H bonds were 0.15 Å and 0.12 Å respec-
tively for TS1 and TS2. In the structrure of TS3 and TS4
newly occuring bond distances were 1.659 Å (O-P) and 1.793
Å (C-O) respectively. Elongation of occuring bond lengths of
TS3 and TS4 were 0.178 Å, 0.355 Å respectively. Further-
more, TS1 has the lowest total energy as seen in Fig. 2 that
is indicating that TS1 most energetically stable one. TS1 struc-
ture was energetically 0.42, 20.76 and 33.85 kcal mol–1 more
stable than TS2, TS3 and TS4. The energies of transition
state structures TS1 and TS2 were ca. 2.65 kcal mol–1  be-
low the reactants whereas the energies of TS3 and TS4  were
ca. 24.45 kcal mol–1  higher the reactants. In aqueous me-
dium energies of TS1 lied 1.66 kcal mol–1 below the reac-
tants, whereas TS2, TS3 and TS4 were 0.55, 15.66, 31.85
kcal mol–1 above the reactants. All the transition states were
verified with having only one imaginary frequency that corre-
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sponding the reaction coordinates. In the studied reaction
the imaginary frequencies of TS1, TS2, TS3 and TS4 were
1269i, 1555i, 268i and 965i cm–1 for gas phase (1283i, 1599i,
141i and 954i cm–1 for aqueous medium). Transition states
were also confirmed by IRC calculations, too.

Energetic and reaction constants of reaction paths:
Enthalpy and Gibbs free energy changes for the possible

reaction paths were listed in Table 1. As seen in table Path 1
and 2 reaction paths were exothermic and exergonic. Since
the Gibbs free energies had negative values, it may be con-
cluded that reactions Path 1 and 2 were thermodynamically
favored in both phases. The highest exothermicity was be-
long to Path 1 in gas phase and aqueous medium. Further-

Fig. 4. The optimized structures of the transition states.

Table 1. Enthalpy and Gibbs free energy  changes for  the possible
reaction paths at 298.15 K

   Gas phase Aqueous medium
H G H G

(kcal mol–1) (kcal mol–1) (kcal mol–1) (kcal mol–1)
Path 1 –7.86 –12.44 –12.84 –13.98
Path 2 –1.92 –6.80 –6.18 –7.46
Path 3 17.97 33.50 14.42 38.12
Path 4 56.37 33.66 53.49 32.34

Table 2. Activation energies, rate constants and product distrubitions for the DMP + OH reaction at 298.15 K
Path 1 Path 2 Path 3 Path 4

Gas phase:
Ea (kcal mol–1) 2.60 4.74 17.97 30.98
k (cm3 molec–1 s–1) 1.38×10–9 9.81×10–10 3.09×10–26 1.64×10–30

Branching  ratio (%) 58.47 41.57 1.30×10–15 6.95×10–20

Aqueous medium:
Ea (kcal mol–1) 1.95 4.80 15.66 31.85
k (cm3 molec–1 s–1) 5.43×10–9 3.58×10–9 3.69×10–23 9.29×10–31

Branching  ratio (%) 60.27 39.73 4.09×10–13 1.03×10–20

more, this study revealed that Path 3 and 4 were unfavor-
able because of the their high reaction barriers.

The calculated activation energies for the reaction of DMP
with OH radical were given in Table 2. As seen in the Table
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2 the activation energy of Path 1 was the lowest in both gas
phase and aqueous medium. Activation energies of Path 2,
Path 3 and Path 4 were  2.14, 15.37 and 28.38 kcal mol–1

higher than Path 1 in gas phase (2.85, 13.71 and 29.90 kcal
mol–1 higher in aqueous medium). The values in Table 2
showed that activation energies in aqueous medium was
reduced by 0.65 and 2.31  kcal mol–1 for Path 1 and Path 3.
However the activation energy of  Path 2 and Path 4 were
0.06 and 0.87 kcal mol–1 higher in aqueous medium than in
gas phase.

The rate constants for the all of the paths were calcu-
lated by Transition State Theory at 298.15 K24. The rate con-
stants are calculated by using below equation,

E RTqk Tk e
h q q

TSB

OH DMP


in this equation kB is Boltzman’s constant, h is Planck’s con-
stant, T is temperature, Ea is the activation energy and qTS,
qDMP and qOH are the molecular partition functions for tran-
sition state, DMP and OH radical respectively. Rate con-
stant of the each paths were calculated by Transition State
Theory and obtained results were summarized in Table 2.
The Path 1 had the highest rate constant followed by Path 2,
3 and 4 in gas phase. The rate constant squence was same
in aqueous medium. The rate constants  for reaction paths
were more fast in aqueous medium than gas phase because
of the hydrogen bond stabilization. The branching ratio for
each of the reaction paths was calculated and presented in
Table 2. By using the branching ratio the dominant reaction
path was Path 1 for both phases.

Calculated overall rate constants value were 2.36×10–9

and 9.01×10–9 cm3 molec–1 s–1 for gas phase and aqueous
medium respectively. Rate constant values, activation ener-
gies and branching ratio values were in accordance. From
the obtained activation energies and rate constant results it
could be concluded that the hydrogen abstraction from me-
thyl group was prevail path (Path 1) in both phases.

Conclusions
In this study, reaction kinetics for the reaction of DMP

with OH radical were investigated theoretically both in gas
phase and aqueous medium. On the basis of DFT calcula-

tions four different reaction paths have been determined for
the reaction. The hydrogen abstraction complexes are early
transition states while addition complexes are late complexes
on the reaction coordinate. The most probable reaction path
was hydrogen abstraction from the methyl group (Path 1).
This path had a low activation energy barrier and was also
energetically most favourable one. Rate constant value in
aqueous medium was higher than in gas phase due to the
energy stabilizing effect of water.
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