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ABSTRACT: Rate constants for the reactions of OH radicals
with methyl N,N,N′,N′-tetramethylphosphorodiamidate
[CH3OP(O)[N(CH3)2]2; MTMPDA], ethyl N,N,N′,N′-tetrame-
thylphosphorodiamidate [C2H5OP(O)[N(CH3)2]2; ETMPDA],
and O,S-dimethyl methylphosphonothioate [CH3OP(O)(CH3)-
SCH3; OSDMMP] have been measured over the temperature
range 281−349 K at atmospheric pressure of air using a relative
rate method. The rate expressions obtained were 4.96 × 10−12

e(1058±71)/T cm3 molecule−1 s−1 (1.73 × 10−10 cm3 molecule−1 s−1

at 298 K) for OH + MTMPDA, 4.46 × 10−12 e(1144±95)/T cm3

molecule−1 s−1 (2.07 × 10−10 cm3 molecule−1 s−1 at 298 K) for
OH + ETMPDA, and 1.31 × 10−13 e(1370±229)/T cm3 molecule−1

s−1 (1.30 × 10−11 cm3 molecule−1 s−1 at 298 K) for OH +
OSDMMP. The rate constant for OH + OSDMMP was independent of O2 content over the range 2.1−71% O2 at 296 ± 2 K. In
addition, rate constants for the reactions of NO3 radicals and O3 with MTMPDA, of (1.4 ± 0.1) × 10−12 cm3 molecule−1 s−1 and
<3.5 × 10−19 cm3 molecule−1 s−1, respectively, were measured at 297 ± 2 K. Products of the OH radical- and, for MTMPDA,
NO3 radical-initiated reactions were investigated using gas chromatography and in situ atmospheric pressure ionization mass
spectrometry. A product of molecular weight 180 was observed from the OH and NO3 radical-initiated reactions of MTMPDA,
and this is attributed to CH3OP(O)[N(CH3)2]N(CH3)CHO. Similarly, a product of molecular weight 194 was observed from
the OH + ETMPDA reaction and attributed to C2H5OP(O)[N(CH3)2]N(CH3)CHO. Possible reaction mechanisms are
discussed.

■ INTRODUCTION
Organophosphorus compounds are widely used as pesticides1

and may be released into the troposphere where they can
undergo transport and photolysis (at wavelengths >290 nm)
and reactions with OH radicals, NO3 radicals, and O3.

2 The
kinetics of the gas-phase reactions of a number of organo-
phosphorus compounds of structure (RO)nP(X)(SR)3−n and
(RO)2P(X)Y, where R = CH3, C2H5, or CH(CH3)2, X = O or
S, and Y = H, CH3, C2H5, NH2, NHCH3, N(CH3)2, OCH
CCl2, OC5NHCl3, or Cl, with OH radicals, NO3 radicals, and
O3 have been studied.3−17 Under atmospheric conditions,
reaction with OH radicals was calculated to dominate for the
alkyl phosphates, phosphorothioates, phosphonates, and
phosphonothioates.4−6,8,10,13,15,16 For dimethyl phosphonate
[(CH3O)2P(O)H; DMHP], dimethyl methylphosphonate
[(CH3O)2P(O)CH3; DMMP], dimethyl ethylphosphonate
[(CH3O)2P(O)C2H5; DMEP], diethyl methylphosphonate
[(C2H5O)2P(O)CH3; DEMP], diethyl ethylphosphonate
[(C2H5O)2P(O)C2H5; DEEP], tr iethyl phosphate
[(C2H5O)3PO; TEP], isopropyl methyl methylphosphonate
[(CH3)2CHOP(O)(CH3)OCH3; IMMP], O,O-diethyl methyl-
phosphonothioate [(C2H5O)2P(S)CH3; DEMPT], O,O,O-
triethyl phosphorothioate [(C2H5O)3PS; TEPT], dimethyl

N,N-dimethylphosphoroamidate [(CH3O)2P(O)N(CH3)2;
DMDMPA], and dichlorvos [2,2-dichlorovinyl dimethyl
phosphate, (CH3O)2P(O)OCHCCl2], rate constants for
the OH radical reactions have been measured as a function of
temperature12−16 and product formation invest i -
gated.8,10,13,15,16,18 These OH radical reactions all exhibit
negative temperature dependencies, with values of B in k = A
e−B/T ranging from −(474 ± 159) K for DMHP to −(1516 ±
149) K for the alkyl phosphates and phosphonates stud-
ied.13−16 These OH radical reactions proceed by the initial
formation of a complex (or complexes), which can back-
decompose to reactants in competition with decomposition to
products, with the barrier to back-decomposition to reactants
being higher than that for decomposition to products.12−16

Theoretical calculations19,20 and product data8,10,15 show that
the reactions of alkyl phosphates and alkyl phosphonates
[(RO)3PO and (RO)3−xP(O)Rx, where R = alkyl] with OH
radicals proceed mainly by H-atom abstraction from the −OR
groups.
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In this last of a series of studies of the atmospherically
relevant reactions of model organophosphorus compounds, we
have measured rate constants for the reactions of OH radicals
with methyl N,N,N′,N′-tetramethylphosphorodiamidate
[CH3OP(O)[N(CH3)2]2; MTMPDA], ethyl N,N,N′,N′-tetra-
methylphosphorodiamidate [C2H5OP(O)[N(CH3)2]2; ETMP-
DA], and O,S-dimethyl methylphosphonothioate [CH3OP(O)-
(CH3)SCH3; OSDMMP] over the temperature range 281−349
K at atmospheric pressure of air using a relative rate method. In
addition, rate constants were measured at room temperature for
the reaction of MTMPDA with NO3 radicals and O3, and
products of the reactions of OH radicals with MTMPDA,
ETMPDA, and OSDMMP were briefly investigated.

■ EXPERIMENTAL METHODS
Experiments were carried out at atmospheric pressure (∼735
Torr) in 7220 ± 400 L and ∼7500 L Teflon film chambers at
room temperature, and in a ∼4500 L Teflon film bag inserted
inside a 5870 L Teflon-coated cylindrical chamber fitted with a
heating/cooling system allowing its temperature to be
maintained to within ±1 K over the range ∼280−350 K.15

These chambers were fitted with Teflon-coated fans to ensure
rapid mixing of reactants during their introduction into the
chamber and with black lamps for irradiation at >300 nm. The
7220 L Teflon chamber was interfaced to a PE SCIEX API III
MS/MS direct air sampling, atmospheric pressure ionization
tandem mass spectrometer (API-MS). All irradiations were
carried out at a light intensity corresponding to an NO2
photolysis rate of ∼0.14 min−1.
Kinetic Studies. Rate constants for the reactions of OH

radicals with MTMPDA, ETMPDA, and OSDMMP, and for
NO3 radicals with MTMPDA, were measured using relative
rate techniques in which the concentrations of the organo-
phosphorus compound and a reference compound (whose OH
radical or NO3 radical reaction rate constant is reliably known)
were measured in the presence of OH or NO3 radicals. The
organophosphorus compounds can also undergo dark decay,
and for the loss processes
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where [organophosphorus]to and [reference]to are the concen-
trations of the organophosphorus compound and reference
compound, respectively, at time to, [organophosphorus]t and
[reference]t are the corresponding concentrations at time t, Dt
is a factor to account for dilution caused by any additions to the
chamber during the experiments (Dt = 0 for the OH radical
reactions, and Dt = 0.0026 per N2O5 addition to the chamber in
the NO3 radical reactions), and k1, k2, and k3 are the rate
constants for reactions 1, 2, and 3, respectively.

Hydroxyl radicals were generated in the presence of NO by
the photolysis of methyl nitrite in air at wavelengths >300 nm.
The initial reactant concentrations (molecules cm−3) employed
for the OH radical reactions were CH3ONO and NO, ∼2.4 ×
1014 each, except in an experiment with 71 ± 3% O2 content
where the initial CH3ONO and NO were ∼1.2 × 1014 each;
reference compound, ∼(1.5−2.4) × 1013; and MTMPDA and
ETMPDA, ∼1.5 × 1013 or OSDMMP, ∼2.4 × 1013. Irradiations
were carried out for up to 13 min (MTMPDA), 12 min
(ETMPDA), or 60 min (OSDMMP). Experiments were also
conducted to measure the dark decay rates of MTMPDA and
ETMPDA at each temperature studied, and for OSDMMP at
283 K. Photolysis of MTMPDA was also investigated, with 2.4
× 1015 molecules cm−3 of cyclohexane being present to
scavenge ≥85% of any OH radicals formed.
Nitrate radicals were produced from the thermal decom-

position of N2O5, and NO2 was also included in the reactant
mixtures. The initial reactant concentrations (molecules cm−3)
were MTMPDA, ∼1.5 × 1013; 1-butene or trans-2-butene (the
reference compounds), ∼2.4 × 1013; NO2, (4.8−9.6) × 1013;
and three additions of N2O5 (each addition corresponding to
(5.2−8.0) × 1012 molecules cm−3 of N2O5 in the chamber)
were made to the chamber during an experiment.
The concentrations of the organophosphorus compounds

and reference compounds were measured during the experi-
ments by gas chromatography with flame ionization detection
(GC-FID). For the analyses of α-pinene, 1,3,5-trimethylben-
zene, n-decane, di-n-butyl ether, MTMPDA, ETMPDA, and
OSDMMP, 100 cm3 volume gas samples were collected from
the chamber onto Tenax-TA solid adsorbent, with subsequent
thermal desorption at ∼205 °C onto a 30 m DB-1701
megabore column held at −40 or 0 °C and then temperature
programmed at 8 °C min−1. For the analyses of 1-butene and
trans-2-butene, gas samples were collected from the chamber
into a 100 cm3 volume all-glass gastight syringe and transferred
via a 1 cm3 gas sampling loop onto a 30 m DB-5 megabore
column initially held at −25 °C and then temperature
programmed at 8 °C min−1. On the basis of replicate analyses
in the chamber in the dark, the analytical uncertainties for the
organophosphorus compounds and the reference compounds
were typically ≤3% and ≤2%, respectively.
The rate constant, or upper limit thereof, for the reaction of

MTMPDA with O3 was determined by monitoring the decay of
MTMPDA in the presence of a known concentration of
O3,

8,10,15 with cyclohexane being present to scavenge ≥85% of
any OH radicals formed. The initial reactant concentrations
(molecules cm−3) were MTMPDA, ∼1.5 × 1013; O3, 3.19 ×
1013; and cyclohexane, 2.4 × 1015. O3 concentrations were
measured during the 5.1 h duration reaction by ultraviolet
absorption, and the concentrations of MTMPDA were
measured by GC-FID as described above.

Product studies. Analyses by GC. In addition to GC-FID
analyses conducted during the kinetic experiments, samples
were collected from the OH radical-initiated reactions of
MTMPDA and ETMPDA onto Tenax-TA solid adsorbent
(MTMPDA) or solid phase microextraction (SPME) fibers
(ETMPDA) and analyzed using combined gas chromatog-
raphy−mass spectrometry (GC-MS). A 60 m DB-5 column in
an Agilent 6890N GC interfaced to an Agilent 5975 Inert XL
Mass Selective Detector (MTMPDA) or a 30 m HP-5MS
column in an Agilent 6890N GC interfaced to an Agilent
5973N Mass Selective Detector (ETMPDA) was used,

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp407702w | J. Phys. Chem. A 2013, 117, 11038−1104811039



operated in positive chemical ionization mode with methane as
the reagent gas.
Experiments with API-MS analyses. In these experiments

(NO3 + MTMPDA, OH + MTMPDA, OH + ETMPDA, and
OH + OSDMMP), the chamber contents were sampled
through a 25 mm diameter × 75 cm length Pyrex tube at ∼20 L
min−1 directly into the API mass spectrometer source. The
operation of the API-MS in the MS (scanning) and MS/MS
(with collision activated dissociation) modes has been
described previously,8,10,15 and both positive and negative ion
modes were used in this work. In positive ion mode, protonated
water hydrates (H3O

+(H2O)n) generated by the corona
discharge in the chamber diluent air were responsible for the
protonation of analytes, and the ions that were mass analyzed
were mainly protonated molecular ions ([M + H]+) and their
protonated homo- and heterodimers.8,10,15 In negative ion
mode, negative ions are generated by the negative corona
around the discharge needle, and under the conditions
employed, O2

−, NO2
−, and NO3

− were the major relevant
negative ions. Instrument tuning and operation were designed
to induce cluster formation.
For the OH radical reactions, the initial concentrations of

CH3ONO, NO, and organophosphorus compound were
∼(2.4−4.8) × 1013, ∼(2.4−4.8) × 1013, and (0.8−2.4) × 1013

molecules cm−3, respectively, and irradiations were carried out
for up to 1 min (MTMPDA), 5 min (ETMPDA), or 16 min
(OSDMMP). For the NO3 + MTMPDA reaction, the initial
concentrations of MTMPDA and NO2 were ∼8 × 1012 and
∼2.4 × 1013 molecules cm−3, respectively, and one addition of
N2O5, corresponding to 3.1 × 1012 molecules cm−3 of N2O5 in
the chamber, was made during the experiment.
Chemicals. The chemicals used, and their stated purities,

were di-n-butyl ether (99+%), n-decane (99+%), (+)-α-pinene
(99+%), and 1,3,5-trimethylbenzene (98%), Aldrich; methyl
N,N,N′,N′-tetramethylphosphorodiamidate [CH3OP(O)[N-
(CH3)2]2; MTMPDA] and O,S-dimethyl methylphosphono-
thioate [CH3OP(O)(CH3)SCH3; OSDMMP] (90% purity,
with 10% of a lower volatility compound of molecular weight
156, presumably (CH3S)2P(O)CH3, which was completely
separated from OSDMMP in the GC-FID and GC-MS analyses

and therefore of no consequence for the kinetic experiments),
Hestia Laboratories, Inc.; ethyl N,N,N′,N′-tetramethylphos-
phorodiamidate [C2H5OP(O)[N(CH3)2]2; ETMPDA], MRI-
Global; and 1-butene (99%), trans-2-butene (≥95%), and NO
(≥99.0%), Matheson Gas Products. Methyl nitrite and N2O5
were prepared and stored as described previously,8,10,15 and O3
in O2 diluent was generated using a Welsbach T-408 ozone
generator. NO2 was prepared as needed by reacting NO with
an excess of O2.

■ RESULTS

Photolysis and Dark Reactions. The measured gas-phase
concentrations of MTMPDA and ETMPDA were observed to
decrease monotonically in the dark over periods of 5.0−6.0 h,
with the decay rate depending on chamber and temperature.
The dark decay rates of MTMPDA and ETMPDA in the
∼4500 L Teflon bag are listed in Table 1 for the temperatures
employed. The dark decay rate of MTMPDA in the ∼7500 L
Teflon chamber used for the NO3 radical and O3 kinetic
experiments and for investigation of photolysis of MTMPDA
was (7.0 ± 1.9) × 10−6 s−1 over a period of 6.0 h, where (as
elsewhere unless noted otherwise) the errors are two least-
squares standard deviations. The MTMPDA decay rate in a 4.1
h duration experiment in which MTMPDA was irradiated for
four 15 min intervals was (10.5 ± 1.9) × 10−6 s−1, within the
combined experimental uncertainties of the measured dark
decay in this chamber. Since the total irradiation periods during
the OH radical reaction rate constant determinations were ≤12
min, photolysis of MTMPDA was of no importance during our
kinetic experiments, and the same was assumed to be the case
for ETMPDA.
Replicate analyses in the dark prior to reaction showed no

evidence for any dark decays of OSDMMP at any of the
temperatures studied. However, while replicate analyses
postreaction also showed no evidence for dark decays of
OSDMMP at ≥296 K, significant postreaction dark decays of
OSDMMP were observed at 283−284 K, of (1.0−2.3) × 10−5

s−1.
Rate Constant for Reaction of O3 with MTMPDA. In the

presence of an average O3 concentration of 3.02 × 1013

Table 1. Rate Constant Ratios k1/k2 and Rate Constants k1 for the Reactions of OH Radicals with MTMPDA, ETMPDA, and
OSDMMP

organophosphorus compound temperature (K) 106 × k3 (s
−1) reference compound k1/k2

a 1011 × k1 (cm
3 molecule−1 s−1)b

MTMPDA 281.5 ± 1 5.2 α-pinene 3.84 ± 0.31 21.9 ± 1.8
297 ± 1 4.2 α-pinene 3.42 ± 0.13 18.0 ± 0.7
297 ± 1 4.2 1,3,5-TMB 2.93 ± 0.07 16.6 ± 0.4
320 ± 1 2.5 α-pinene 3.03 ± 0.06 14.3 ± 0.3
348 ± 1 4.2 α-pinene 2.50 ± 0.07 10.6 ± 0.3

ETMPDA 283 ± 1 9.9 α-pinene 4.58 ± 0.43 25.9 ± 2.5
297 ± 1 3.6 α-pinene 3.92 ± 0.30 20.6 ± 1.6
320 ± 1 7.2 α-pinene 3.32 ± 0.10 15.7 ± 0.5
348 ± 1 7.9 α-pinene 2.85 ± 0.10 12.1 ± 0.5

OSDMMP 296 ± 2 n-decane 1.26 ± 0.07c 1.37 ± 0.08
320 ± 1 di-n-butyl ether 0.376 ± 0.019 0.920 ± 0.047
349 ± 1 di-n-butyl ether 0.315 ± 0.020 0.678 ± 0.044

aIndicated errors are two least-squares standard deviations. At 297 ± 1 K, k1(OH + MTMPDA)/k2(OH + pinene) = 3.30 ± 0.15 using the
combined data with α-pinene and 1,3,5-trimethylbenzene as reference compounds (see Figure 2), leading to k1(OH + MTMPDA) = (1.73 ± 0.08)
× 10−10 cm3 molecule−1 s−1. bPlaced on an absolute basis using rate constants k2 of k2(OH + α-pinene) = 1.21 × 10−11 e436/T cm3 molecule−1 s−1,2

k2(OH + 1,3,5-trimethylbenzene) = 5.67 × 10−11 cm3 molecule−1 s−1 at 297 K,2 k2(OH + n-decane) = 1.09 × 10−11 cm3 molecule−1 s−1 at 296 K,2

and k2(OH + di-n-butyl ether) = 6.29 × 10−18 T2 e1164/T cm3 molecule−1 s−1.21 cIndependent of O2 content over the range 2.1−71% O2 (see Figure
4).
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molecules cm−3 and with 2.4 × 1015 molecules cm−3 of
cyclohexane present to scavenge ≥85% of any OH radicals
formed, a MTMPDA decay rate of (8.6 ± 1.7) × 10−6 s−1 was
observed over a reaction period of 5.1 h. This MTMPDA decay
rate in the presence of O3 was very similar to the dark decay
rate in this chamber in the absence of O3 of (7.0 ± 1.9) × 10−6

s−1, thereby showing no evidence for reaction with O3.
Attributing all of the observed decay rate in the presence of
O3 to reaction with O3 results in an upper limit to the rate
constant of

+

< × ±− − −

k(O MTMPDA)

3.5 10 cm molecule s at 297 2 K
3

19 3 1 1

Rate Constant for the Reaction of NO3 Radicals with
MTMPDA. In a N2O5−NO3−NO2−MTMPDA−1-butene−air
mixture, MTMPDA was observed to be significantly more
reactive than 1-butene, and hence trans-2-butene was used in
subsequent experiments. The experimental data from reacting
N2O5−NO3−NO2−MTMPDA−trans-2-butene−air mixtures
are plotted in accordance with eq I in Figure 1. A least-squares

analysis of these data leads to the rate constant ratio k1/k2 =
3.71 ± 0.21. This rate constant ratio is placed on an absolute
basis by use of a rate constant at 297 K for reaction of NO3
radicals with trans-2-butene of k2 = 3.89 × 10−13 cm3

molecule−1 s−1,2 resulting in

+

= ± × ±− − −

k (NO MTMPDA)

(1.4 0.1) 10 cm molecule s at 297 2 K
1 3

12 3 1 1

where the indicated error is two least-squares standard
deviations and does not include the uncertainty in the rate
constant k2.
Rate Constants for the Reactions of OH Radicals with

MTMPDA, ETMPDA, and OSDMMP. The data obtained
from irradiations of CH3ONO−NO−organophosphorus com-
pound−reference compound−air mixtures are plotted in
accordance with eq I in Figures 2 (MTMPDA), 3 (ETMPDA),
and 4 and 5 (OSDMMP). The rate constants for OH +
MTMPDA at 281.5 ± 1 K and for OH + ETMPDA at 283 ± 1

K and, to a lesser extent, 297 ± 1 K are more uncertain, as
reflected in part by the larger two-standard deviation errors in
Table 1. Replicate postreaction analyses (i.e., after three

Figure 1. Plot of eq I for the reaction of NO3 radicals with methyl
N,N,N′,N′-tetramethylphosphorodiamidate (MTMPDA) at 296 ± 2
K, with trans-2-butene as the reference compound. Experiments were
carried out in a ∼7500 L Teflon chamber.

Figure 2. Plots of eq I for the reactions of OH radicals with methyl
N,N,N′,N′-tetramethylphosphorodiamidate (MTMPDA) at 281.5 ± 1,
297 ± 1, 320 ± 1, and 348 ± 1 K, with α-pinene as the reference
compound. Experiments were carried out in a ∼4500 L Teflon
chamber. The MTMPDA data at 320 ± 1, 297 ± 1, and 281.5 ± 1 K
have been displaced vertically by 0.10, 0.20, and 0.40 units,
respectively, for clarity. The open symbols are with α-pinene as the
reference compound; those at 297 ± 1 K shown as ● are with 1,3,5-
trimethylbenzene as the reference compound, and the measured values
of ln([1,3,5-trimethylbenzene]to/[1,3,5-trimethylbenzene]t) have been
converted to ln([α-pinene]to/[α-pinene]t) by multiplication by 0.926
(the ratio of the rate constants for reaction with OH radicals). The
solid line through the 297 ± 1 K data is a least-squares fit to the entire
data set at that temperature, with k1(OH + MTMPDA)/k2(OH + α-
pinene) = 3.30 ± 0.15.

Figure 3. Plots of eq I for the reactions of OH radicals with ethyl
N,N,N′,N′-tetramethylphosphorodiamidate (ETMPDA) at 283 ± 1,
297 ± 1 K, 320 ± 1, and 348 ± 1 K, with α-pinene as the reference
compound. Experiments were carried out in a ∼4500 L Teflon
chamber. The ETMPDA data at 320 ± 1, 297 ± 1, and 283 ± 1 K have
been displaced vertically by 0.10, 0.20, and 0.40 units, respectively, for
clarity. The solid line through the 297 ± 1 K data is a least-squares fit
to the entire data set at that temperature (slope = 3.78 ± 0.17), and
the dashed line is a least-squares fit to the data from the first two
irradiation periods in each of the four experiments (slope = 4.05 ±
0.14) [the indicated errors are two least-squares standard deviations].
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irradiation periods) for MTMPDA and ETMPDA at these
temperatures showed that MTMPDA or ETMPDA decayed
faster than the separately measured dark decay rate. This,
together with the observation of significant positive intercepts
of the least-squares fits to the entire data set at this temperature
(see Figure 3), suggests that as the reactions proceeded,
MTMPDA or ETMPDA could have been desorbed from the
walls and/or aerosol during the irradiation periods (which

would lead to a small heating of the Teflon film), followed by a
rapid loss of MTMPDA or ETMPDA after the irradiation
period. We have therefore used the data points for the first two
irradiation periods in each of the four experiments for
MTMPDA and ETMPDA at 281.5 ± 1 and 283 ± 1 K,
respectively, thereby using data at lower extents of reaction
than was the case for the other temperatures studied. For OH +
ETMPDA at 297 ± 1 K, where the effect was less pronounced,
we have used an average of the slopes obtained from least-
squares analyses of the entire data set and from least-squares
analysis of the data points from the first two irradiation periods
(see Figure 3 and its caption).
For OH + OSDMMP, rate constants were measured at 296

± 2 K over a range of O2 content and, as evident from Figure 4,
within the experimental uncertainties the rate constant was
independent of O2 content over the range 2.1−71% O2.
Experiments in air were conducted at 349 ± 1, 320 ± 1, and
283−284 K. At room temperature and above, replicate analyses
in the dark before and after the reactions showed no evidence
for dark decay of OSDMMP, and relative rate plots at 320 ± 1
and 349 ± 1 K are shown in Figure 5. In contrast, while no dark
decay of OSDMMP was observed at 283−284 K before
reaction, replicate analyses after reaction showed significant
dark decays of OSDMMP, of 2.3 × 10−5 s−1 in the experiment
at 283 ± 1 K and 1.0 × 10−5 s−1 in the experiment at 284 ± 1
K. If occurring throughout the reactions, these dark decay rates
would be a significant fraction of the measured OSDMMP
decays. However, corrections for these dark decays could not
be reliably made since they changed during the duration of the
experiment. For the experiment at 283 ± 1 K, the chamber
temperature was at or slightly below the local dew point
temperature during a portion of the experiment (although no
condensation on the Teflon film was noticed), while the
experiment at 284 ± 1 K was conducted with the chamber
temperature above the local dew point temperature. As evident
from the relative rate plots in Figure 5, the measured
OSDMMP rate constant in the 283 ± 1 K experiment was
significantly higher than that in the experiment at 284 ± 1 K,
consistent, at least in part, with the faster dark decay after the
reaction in the 283 ± 1 K experiment than in that at 284 ± 1 K.
If we assume that OSDMMP began to undergo decay to the
chamber walls as soon as the first irradiation commenced, then
after correcting for OSDMMP decays using the measured
postreaction dark decay rates the data for the two experiments
are in reasonably good agreement (Figure 5). We have
previously reported anomalously high measured OH radical
reaction rate constants for DMMP, DMEP, DEMP, DEEP, and
TEP when experiments were carried out below the local dew
point temperature,12,14 and this may also be the case for
OSDMMP. Given these problems, we use only rate constants
for OH + OSDMMP measured at ≥296 K in the derivation of
the Arrhenius parameters for OH + OSDMMP.
The rate constant ratios k1/k2 obtained by least-squares

analyses of the experimental data shown in Figures 2−5 (for
temperatures ≥296 K for OSDMMP) are given in Table 1,
together with the reference compounds used and, for
MTMPDA and ETMPDA, the measured dark decay rates k3.
These rate constant ratios k1/k2 are placed on an absolute basis
by use of rate constants k2 of k2(α-pinene) = 1.21 × 10−11 e436/T

cm3 molecule−1 s−1,2 k2(1,3,5-trimethylbenzene) = 5.67 × 10−11

cm3 molecule−1 s−1 at 297 K,2 k2(n-decane) = 1.09 × 10−11 cm3

molecule−1 s−1 at 296 K,2 and k2(di-n-butyl ether) = 6.29 ×
10−18 T 2 e1164/T cm3 molecule−1 s−1,21 and the resulting rate

Figure 4. Plot of eq I for the reactions of OH radicals with O,S-
dimethyl methylphosphonothioate (OSDMMP) at 296 ± 2 K, with n-
decane as the reference compound. The O2 contents of the chamber
diluent gas were □, 2.1 ± 0.5%; △, 5.8 ± 1.2%; ○, 21% (air); and ▽,
71 ± 3%. Experiments were carried out in a 7220 L Teflon chamber.
The solid line is a least-squares fit to the entire data set, with one (0,0)
point.

Figure 5. Plots of eq I for the reactions of OH radicals with O,S-
dimethyl methylphosphonothioate (OSDMMP) at 283 ± 1, 284 ± 1,
320 ± 1, and 349 ± 1 K, with di-n-butyl ether as the reference
compound. Experiments were carried out in a ∼4500 L Teflon
chamber. The experiment at 283 ± 1 K was conducted at or marginally
below the local dew point temperature, while that at 284 ± 1 K was
conducted well above the local dew point temperature. The
OSDMMP data at 283−284 K have been displaced vertically by
0.10 unit for clarity. ▽,△, No correction made for OSDMMP dark
decay; ▼, ▲, correction made for OSDMMP dark decay assuming
that the OSDMMP dark decay measured postreaction started as soon
as the lights were turned on for the first irradiation period (see text).
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constants k1 are also given in Table 1. The rate constants
measured for OH + MTMPDA at 297 ± 1 K using α-pinene
and 1,3,5-trimethylbenzene as the reference compounds agree
to within 8%, and the average rate constant for OH +
MTMPDA at 297 ± 1 K is (1.73 ± 0.08) × 10−10 cm3

molecule−1 s−1 (see Figure 2). 1,3,5-Trimethylbenzene could
not be used as a reference compound for OH + ETMPDA
because ETMPDA was not well resolved from a reaction
product of OH + 1,3,5-trimethylbenzene on the GC column
used.
The rate constants listed in Table 1 are plotted in Arrhenius

form in Figure 6, and the Arrhenius expressions obtained from
least-squares analyses of these data are given in Table 2.

Product Analyses by API-MS. NO3 + MTMPDA, OH +
MTMPDA, and OH + ETMPDA. For these reactions, the
positive ion API-MS and API-MS/MS spectra were significantly
easier to interpret than the negative ion spectra and provided
the most unambiguous and useful information. In positive ion
mode, prior to reaction, intense ion peaks at m/z 167 and 333
were observed from the NO3 + MTMPDA and OH +
MTMPDA reactions, and at m/z 181 and 361 from the OH +
ETMPDA reaction, these being attributed to protonated
MTMPDA or ETMPDA and the protonated MTMPDA or
ETMPDA dimer, respectively. In each reaction, a weaker ion
peak at m/z 185 ([MTMPDA+H+H2O]

+) or m/z 199
([ETMPDA+H+H2O]

+) was also observed. After reaction,
additional weak ion peaks were observed (Figure 7), at m/z 181
and 347 in the MTMPDA reactions and at m/z 195 and 375 in
the OH + ETMPDA reaction. These ions are attributed to the
presence of a product of molecular weight 180 (MTMPDA

reactions) or 194 (OH + ETMPDA reaction), respectively (see
the caption to Figure 7 for the peak assignments). The OH +
ETMPDA reaction also showed the presence of ion peaks at m/
z 167 and 347, and these are attributed to the presence of a
molecular weight 166 product, which may be a second-
generation product. On the basis of arguments similar to those
made for the OH + (CH3O)2P(O)N(CH3)2 reaction
previously,15 the molecular weight 180 and 194 products are
attributed to CH3OP(O)[N(CH3)2]N(CH3)CHO and
C2H5OP(O)[N(CH3)2]N(CH3)CHO, respectively, which are
expected to be observed by API-MS in positive ion mode and
also by gas chromatography (see below).
The negative ion mode API-MS and API-MS/MS spectra

were much more difficult to unambiguously interpret. Several
of the product ions from the NO3 + MTMPDA, OH +
MTMDA and OH + ETMPDA reactions were observed at the
same masses and were consistent with the presence of products
of molecular weight 166, 180, and possibly 212 from NO3 +
MTMPDA, 166 and/or 180 from OH + MTMPDA, and 166,
180, and 194 from OH + ETMPDA. It is possible that the
molecular weight 180 and 194 products attributed to
CH3OP(O)[N(CH3)2]N(CH3)CHO and C2H5OP(O)[N-
(CH3)2]N(CH3)CHO from the MTMPDA and ETMPDA
reactions, respectively, were also observed in negative ion
mode. It is also possible that the molecular weight 180 product
tentatively observed in negative ion mode from MTMPDA is
HC(O)OP(O)[N(CH3)2]2., while a molecular weight 166
product from both reactions would presumably imply a second
generation product such as HOP(O)[N(CH3)2]N(CH3)CHO.

OH + OSDMMP. In positive ion mode, no new ion peaks
were observed after reaction. However, product ion peaks were
observed after reaction in negative ion mode, as shown by the
API-MS spectrum in Figure 8, and their assignments are given
in the caption to Figure 8, based on API-MS/MS spectra of the
ion peaks at m/z 125, 156, 170, 172, 188, 205, 219, 235, 252,
261, 266, 280, 281, 282, and 298. While the identities of some
of the observed ion peaks are uncertain, the presence of
products of molecular weight 110, 126, and 142 was indicated,
noting that the evidence for formation of a molecular weight
142 product was less certain and that one or more of these
products could have arisen, at least in part, from the reaction of
the 10% impurity of molecular weight 156. On the basis of
postulated mechanisms for the reactions of OH radicals with
alkyl phosphates , phosphonates , and phosphoro-
thioates,8,10,15,18 potential products from OH + OSDMMP
include CH3SP(O)(CH3)OH (mw 126), CH3OP(O)(CH3)SH
(mw 126), CH3OP(S)(CH3)OH (mw 126), and CH3OP(O)-
(CH3)OH (mw 110). It is possible that the molecular weight
142 product is CH3SP(S)(CH3)OH and/or CH3SP(O)(CH3)-
SH arising from the reaction of OH radicals with the molecular
weight 156 impurity attributed to (CH3S)2P(O)CH3.

Analyses by Gas Chromatography. GC-FID analyses of
reacted NO3 + MTMPDA and OH + MTMPDA mixtures
showed the presence of a single product from each reaction
with identical GC retention times and which GC−MS analysis
showed to be of molecular weight 180. Likewise, GC-FID
analyses of reacted OH + ETMPDA mixtures showed the
presence of a product that GC−MS analyses showed to be of
molecular weight 194. In our API-MS analyses of the NO3 +
MTMPDA, OH + MTMPDA, and OH + ETMPDA reactions
(see above), ion peaks observed in positive ion mode suggested
the formation of products of these same molecular weights. The
molecular weights of these products indicate that for both

Figure 6. Arrhenius plots of the rate constants k1 for the reactions of
OH radicals with methyl N,N,N′,N′-tetramethylphosphorodiamidate
(MTMPDA), ethyl N,N,N′,N′-tetramethylphosphorodiamidate
(ETMPDA), and O ,S-dimethyl methylphosphonothioate
(OSDMMP). The reference compounds used were ○, ●, α-pinene;
△, 1,3,5-trimethylbenzene; ▽, n-decane; and □, di-n-butyl ether. The
solid line for OH + MTMPDA is the least-squares fit to the rate
constants measured using α-pinene as the reference compound. Note
that the rate constants of OSDMMP have been multiplied by a factor
of 5 for clarity.
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MTMPDA and ETMPDA, they are formed by converting a
CH3 group into a CHO group. H-atom abstraction from OCH3
and OC2H5 groups attached to the P-atom appears to generally
result in the replacement of OCH3 and OC2H5 by OH (i.e.,

>P(O)OR → >P(O)OH, where R = CH3 or C2H5),
8,10 and in

our API-MS analyses these >P(O)OH products are readily
observed in negative ion mode, but not in positive ion
mode.8,10 Moreover, these >P(O)OH products do not elute
from GC columns under our conditions.8,10 The molecular
weight 180 product from the NO3 + MTMPDA and OH +
MTMPDA reactions is therefore attributed to CH3OP(O)[N-
(CH3)2]N(CH3)CHO, and the molecular weight 194 product
from OH + MTMPDA is attributed to C2H5OP(O)[N-
(CH3)2]N(CH3)CHO.

Table 2. Arrhenius Parameters (k = Ae−B/T) for the Reactions of OH Radicals with MTMPDA, ETMPDA, and OSDMMP,
Together with Literature Arrhenius Parameters for Related Compounds

organophosphorus compounda 1012 × A (cm3 molecule−1 s−1) B (K)b 1011 × k (298 K)c (cm3 molecule−1 s−1) ref

MTMPDA 4.96d −1058 ± 71d 17.3 this work
ETMPDA 4.46 −1144 ± 95 20.7 this work
OSDMMP 0.131 −1370 ± 229 1.30 this work
DMDMPDA 0.605 −1185 ± 144 3.23 15
DMHP 1.01 −474 ± 159 0.497 14
DMMP 0.0625 −1538 ± 112 1.09 14
DMEP 0.0903 −1539 ± 27 1.58 14
DEMP 0.435 −1444 ± 148 5.53 14
DEEP 0.408 −1485 ± 328 5.95 14
TEP 0.407 −1448 ± 145 5.25 14
IMMP 0.272 −1642 ± 144 6.72 15

aDMDMPA = (CH3O)2P(O)N(CH3)2; DMHP = (CH3O)2P(O)H; DMMP = (CH3O)2P(O)CH3; DMEP = (CH3O)2P(O)C2H5; DEMP =
(C2H5O)2P(O)CH3; DEEP = (C2H5O)2P(O)C2H5; TEP = (C2H5O)3PO; and IMMP = (CH3)2CHOP(O)(CH3)OCH3.

bThe cited errors are two
least-squares standard deviations from Arrhenius plots such as those shown in Figure 6. The estimated overall uncertainties in the values of B are
±300 K, except for OSDMMP and DEEP for which they are ±400 K. cThe estimated overall uncertainties in the 298 K rate constants are ±12%,
except for MTMPDA, ETMPDA, and DEEP for which they are ±15%. dThe temperature dependence B was obtained from a least-squares analyses
of the rate constants measured over the temperature range 281.5−348 K using α-pinene as the reference compound (Figure 6). Since the 297 ± 1 K
rate constant obtained using both α-pinene and 1,3,5-trimethylbenzene was 3.5% lower than that obtained using only α-pinene as the reference
compound (Table 1), the pre-exponential factor A from the least-squares analysis of the rate constants measured over the temperature range 281.5−
348 K using α-pinene as the reference compound has been decreased by 3.5%.

Figure 7. Positive ion API-MS analysis of CH3ONO−NO−air
irradiations of (top) methyl N,N,N′,N′-tetramethylphosphorodiami-
date (MTMPDA) and (bottom) ethyl N,N,N′,N′-tetramethylphos-
phorodiamidate (ETMPDA). On the basis of API-MS/MS analyses,
products observed had molecular weights of 180 from OH +
MTMPDA and 166 and 194 from OH + ETMPDA. The peak
assignments are: for OH + MTMPDA, m/z 167, [MTMPDA + H]+;
m/z 181, [180 + H]+; m/z 185, [MTMPDA + H + H2O]

+; m/z 333,
[MTMPDA + MTMPDA + H]+; and m/z 347, [MTMPDA + 180 +
H]+; and for OH + ETMPDA, m/z 167, [166 + H]+; m/z 181,
[ETMPDA + H]+; m/z 195, [194 + H]+; m/z 199, [ETMPDA + H +
H2O]

+; m/z 347, [ETMPDA + 166 + H]+; m/z 361, [ETMPDA +
ETMPDA + H]+; and m/z 375, [ETMPDA + 194 + H]+. The
molecular weight 166 product from OH + ETMPDA may be a second-
generation product.

Figure 8. Negative ion API-MS analysis of an irradiated CH3ONO−
NO−O,S-dimethyl methylphosphonothioate (OSDMMP)−air mix-
ture. On the basis of API-MS/MS analyses, products observed had
molecular weights of 110, 126, and 142. The peak assignments are:
m/z 125, [126 − H]−; m/z 156, [110 + NO2]

−; m/z 170, [110 + 60]−;
m/z 172, [126 + NO2]

− and [110 + NO3]
−; m/z 188, [126 + NO3]

−

and [142 + NO2]
−; m/z 205, [110 + 95]− and/or [142 + 63]−; m/z

219, [110 + 110 − H]−; m/z 235, [110 + 126 − H]−; m/z 252, [110 +
110 + O2]

−; m/z 266, [110 + 110 + NO2]
−; m/z 280, [110 + 110 +

60]−; m/z 281, [110 + 110 + 61]−; m/z 282, [110 + 110 + NO3]
−;

and m/z 298, [126 + 110 + NO3]
− and [126 + 126 + NO2]

−.
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Authentic standards of CH3OP(O)[N(CH3)2]N(CH3)CHO
and C2H5OP(O)[N(CH3)2]N(CH3)CHO were not available,
and hence the Effective Carbon Number (ECN) concept22 was
used to estimate their GC-FID responses relative to those of
MTMPDA and ETMPDA, respectively. FID detectors respond
to carbon, and in alkanes, each carbon atom contributes 1.00
toward the ECN.22 Some heteroatom-containing groups have
lower responses, with CHO groups having zero response.22

Because −CHO groups have a zero FID response,22 we
assumed that the ECN of CH3OP(O)[N(CH3)2]N(CH3)CHO
relative to that of MTMPDA was 0.80 (4.0/5.0) and that the
ECN of C2H5OP(O)[N(CH3)2]N(CH3)CHO relative to that
of ETMPDA was 0.83 (5.0/6.0).
A plot of the GC-FID area counts of CH3OP(O)[N-

(CH3)2]N(CH3)CHO formed against the area counts of
MTMPDA lost during NO3 + MTMPDA reactions was a
reasonable straight line with a close to zero intercept (Figure S1
in the Supporting Information). This suggests that CH3OP-
(O)[N(CH3)2]N(CH3)CHO is significantly less reactive than
MTMPDA toward NO3 radicals. After correction for the small
differences in estimated ECNs (see above) and for the amount
of MTMPDA lost by dark decay, a least-squares analysis of the
data shown in Figure S1, Supporting Information, leads to a
CH3OP(O)[N(CH3)2]N(CH3)CHO molar formation yield
from NO3 + MTMPDA of ∼25%. In the OH radical reactions
of MTMPDA and ETMPDA, plots of the GC-FID area counts
of CH3OP(O)[N(CH3)2]N(CH3)CHO or C2H5OP(O)[N-
(CH3)2]N(CH3)CHO formed against the area counts of
MTMPDA or ETMPDA lost resulted in slopes that decreased
with increasing extent of reaction. This indicates losses of
CH3OP(O)[N(CH3)2]N(CH3)CHO or C2H5OP(O)[N-
(CH3)2]N(CH3)CHO during these reactions, by reaction
with OH radicals as well as dark decays (which were an
order of magnitude faster than the dark decays of MTMPDA or
ETMPDA and most rapid at the lowest temperatures studied).
We therefore linearized plots of CH3OP(O)[N(CH3)2]N-
(CH3)CHO or C2H5OP(O)[N(CH3)2]N(CH3)CHO formed
(after correction for their losses) against the amounts of
MTMPDA or ETMPDA reacted, by varying the ratio (loss rate
of CH3OP(O)[N(CH3)2]N(CH3)CHO or C2H5OP(O)[N-
(CH3)2]N(CH3)CHO)/(loss rate of MTMPDA or ETMPDA)
= kprod/kreactant. Thus, if the value of kprod/kreactant used was too
low, then the slope of the plot decreased with extent of reaction
and a least-squares analysis yielded a positive intercept; if the
value of kprod/kreactant used was too high, then the slope of the
plot increased with the extent of reaction and a least-squares
analysis yielded a negative intercept. The linearized plots are
shown in Figures S2 (OH + MTMPDA) and S3 (OH +
ETMPDA), Supporting Information. After correction for the
small differences in estimated ECNs (see above) and for the
amounts of MTMPDA or ETMPDA lost by dark decay, the
formation yields and rate ratios kprod/kreactant derived were: for
formation of CH3OP(O)[N(CH3)2]N(CH3)CHO from OH +
MTMPDA, 14% and 0.9 at 281.5 ± 1 K; 16% and 0.45 at 297 ±
1 K; 12% and 0.45 at 320 ± 1 K; and 11% and 0.45 at 348 ± 1
K; and for formation of C2H5OP(O)[N(CH3)2]N(CH3)CHO
from OH + ETMPDA, 11% and 0.6 at 283 ± 1 K; 14% and 0.5
at 297 ± 1 K; 10% and 0.4 at 320 ± 1 K; and 9.5% and 0.4 at
348 ± 1 K. For both the OH + MTMPDA and OH +
ETMPDA reactions, the rate ratios and formation yields at 320
± 1 and 348 ± 1 K were more uncertain due to the lesser
amounts of data obtained. The observed more rapid dark
decays of CH3OP(O)[N(CH3)2]N(CH3)CHO and C2H5OP-

(O)[N(CH3)2]N(CH3)CHO at 281−283 K than at the higher
temperatures may explain the higher derived rate ratios at these
temperatures compared to those at the other temperatures. No
products were observed from GC-FID analyses of OH +
OSDMMP.
Aerosol formation, as measured using a TSI 3936L72

scanning mobility particle sizer, showed that in an irradiated
CH3ONO−NO−MTMPDA−air mixture, after 60% consump-
tion of the initial 1.5 × 1013 molecules cm−3 of MTMPDA, the
aerosol yield (defined as aerosol formed/MTMPDA consumed,
assuming equal densities of MTMPDA and aerosol and
correcting for wall losses of the aerosol) was ∼55%. The
corresponding aerosol yield in an NO3 + MTMPDA reaction
was ∼15%.

■ DISCUSSION
MTMPDA and ETMPDA. As for other alkyl phosphates,

alkyl phosphonates, and alkyl phosphoroamidates,8,10,15 any
reaction of MTMPDA with O3 is slow. However, in contrast to
dimethyl N,N-dimethylphosphoroamidate [(CH3O)2P(O)N-
(CH3)2; DMDMPA] for which an upper limit to the room
temperature rate constant for reaction with NO3 radicals of
<3.9 × 10−14 cm3 molecule−1 s−1 has been measured,5

MTMPDA reacts rapidly with NO3 radicals, and ETMPDA is
expected to be at least as reactive as MTMPDA with respect to
reaction with NO3 radicals.
The reactions of OH radicals with MTMPDA and ETMPDA

exhibit a significant negative temperature dependence (B ≈
−1100 K), somewhat less negative than those for the reactions
of OH radicals with DMMP, DMEP, DEMP, and DEEP for
which B ≈ −1500 K (Table 2), but similar to that for
DMDMPA (Table 2).15 By analogy with the reactions of OH
radicals with alkyl phosphates, alkyl phosphonates, and
DMDMPA,8,10,15,19,20 the reactions are likely to occur by initial
complex formation followed by decomposition involving C−H
bond breakage. For MTMPDA and ETMPDA, there are two
expected pathways in each case, involving H-atom abstraction
from the −OCH3 or −OC2H5 group and H-atom abstraction
from the −CH3 groups in the −N(CH3)2 moieties. For
example, for MTMPDA:

+ ↔

→ + •

OH CH OP(O)[N(CH ) ] [complex]

H O CH OP(O)[N(CH ) ]
3 3 2 2

2 2 3 2 2 (4a)

+ ↔

→ + •

OH CH OP(O)[N(CH ) ] [complex]

H O CH OP(O)[N(CH ) ]N(CH )C H
3 3 2 2

2 3 3 2 3 2 (4b)

Subsequent reactions of the CH3OP(O)[N(CH3)2]N(CH3)-
C•H2 radical are expected to lead to formation of CH3OP-
(O)[N(CH3)2]N(CH3)CHO.

+

→

•

•

CH OP(O)[N(CH ) ]N(CH )C H O

CH OP(O)[N(CH ) ]N(CH )CH OO
3 3 2 3 2 2

3 3 2 3 2 (5)

+

→ +

•

•

CH OP(O)[N(CH ) ]N(CH )CH OO NO

CH OP(O)[N(CH ) ]N(CH )CH O NO
3 3 2 3 2

3 3 2 3 2 2 (6)

+

→ +

•CH OP(O)[N(CH ) ]N(CH )CH O O

CH OP(O)[N(CH ) ]N(CH )CHO HO
3 3 2 3 2 2

3 3 2 3 2 (7)

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp407702w | J. Phys. Chem. A 2013, 117, 11038−1104811045



The observation that the room temperature rate constant for
OH + MTMPDA is a factor of 5−6 higher than that for OH +
(CH3O)2P(O)N(CH3)2 (Table 2) suggests that the majority of
the OH + MTMPDA reaction proceeds by H-atom abstraction
from the C−H bonds in the N(CH3)2 groups. Furthermore,
replacing a OCH3 group in MTMPDA by a OC2H5 group in
ETMPDA increases the room temperature rate constant by 2.7
× 10−11 cm3 molecule−1 s−1 (Table 1, using rate constants
measured with α-pinene as the reference compound). Since
replacing two OCH3 groups in DMMP or DMEP by two
OC2H5 groups in DEMP or DEEP, respectively, increases the
room temperature rate constants by 4.4 × 10−11 cm3

molecule−1 s−1 (Table 2), it appears that the reactivity of the
OCH3 and OC2H5 groups in MTMPDA and ETMPDA are
similar to those in DMMP, DMEP, DEMP, and DEEP and that
the partial rate constants for H-atom abstraction by OH radicals
from the OCH3 and OC2H5 groups in MTMPDA and
ETMPDA are ∼6 × 10−12 cm3 molecule−1 s−1 and ∼3 ×
10−11 cm3 molecule−1 s−1, respectively, at 298 K. This implies
that H-atom abstraction from the OCH3 and OC2H5 groups in
MTMPDA and ETMPDA accounts for ∼3% and ∼15% of the
overall reactions, respectively, with the remainder of the
reactions proceeding by H-atom abstraction from the C−H
bonds in the N(CH3)2 groups. Our measured formation yields
of the products attributed to CH3OP(O)[N(CH3)2]N(CH3)-
CHO and C2H5OP(O)[N(CH3)2]N(CH3)CHO from the OH
+ MTMPDA and OH + ETMPDA reactions, respectively, of
∼14% and ∼11% therefore account for only a small fraction of
the reaction pathways proceeding by H-atom abstraction from
the N(CH3)2 groups.
OH + OSDMMP. As for DMMP [(CH3O)2P(O)-

CH3],
10,19,20 the reaction of OH radicals with OSDMMP is

expected to proceed by H-atom abstraction from the C−H
bonds of the OCH3 and SCH3 groups, with H-atom abstraction
from the CH3 group being minor.

+

→ + •

OH CH SP(O)(CH )OCH

H O CH SP(O)(CH )OC H
3 3 3

2 3 3 2 (8a)

+

→ + •

OH CH SP(O)(CH )OCH

H O C H SP(O)(CH )OCH
3 3 3

2 2 3 3 (8b)

In addition, by analogy with OH + dimethyl sulfide,23−25 it is
possible that a pathway involving OH radical addition to the S-
atom to form an OH-OSDMMP adduct, which can back-
decompose to reactants or react with O2 to form products, also
occurs.

+ +

→ +

OH CH SP(O)(CH )OCH ( M)

CH S(OH)P(O)(CH )OCH ( M)
3 3 3

3 3 3 (9)

+

→ + +

CH S(OH)P(O)(CH )OCH ( M)

OH CH SP(O)(CH )OCH ( M)
3 3 3

3 3 3 (10)

+ →CH S(OH)P(O)(CH )OCH O products,

including CH S(O)P(O)(CH )OCH
3 3 3 2

3 3 3 (11)

The independence of the measured rate constant at 296 ± 2 K
over the range 2.1−71% O2, and the lack of any evidence for
products arising from the OH radical addition channel in our
API-MS analyses, suggest that at 296 K the reaction of OH

radicals with OSDMMP proceeds only by H-atom abstraction.
The negative temperature dependence measured here for OH +
OSDMMP over the range 296−349 K is similar in magnitude
to those for other alkyl phosphates and phosphonates (Table
2).
For OH + dimethyl sulfide, the stability of the CH3S(OH)-

CH3 adduct is ∼11 kcal mol−1,25 and in air the OH radical
addition channel becomes evident below ∼310 K.23,24 Our
kinetic data for OH + OSDMMP at 283−284 K, if the
correction for the observed postreaction OSDMMP dark decay
is applied from the time that the reaction was initiated, are
within ∼13% of the rate constant predicted from extrapolation
of the 296−349 K data, suggesting that at 283−284 K and
atmospheric pressure of air the OH radical addition pathway
[reactions 9 through 11] is, at most, minor. This then suggests
that any CH3S(OH)P(O)(CH3)OCH3 adduct is less stable
toward back-decomposition to reactants than is the CH3S-
(OH)CH3 adduct, with the stability of the CH3S(OH)P(O)-
(CH3)OCH3 adduct being ≤10 kcal mol−1 assuming that the
rate constants for reactions 9 and 11 are similar to those for the
corresponding reactions in the OH + dimethyl sulfide system.
In order to explain the observed products from the reactions

of OH radicals with DMMP and TEP,8,10 it has previously been
proposed8,10 that the intermediate alkoxy radicals of structure
>P(O)OCH(O•)R (R = H or CH3), formed after initial H-
atom abstraction from OCH3 or OC2H5 groups, can isomerize
via a 5-membered ring to form >P(OH)O + RC•O (see
Scheme 1). In the case of OSDMMP, such a reaction sequence

(Scheme 1) would lead to formation of the first-generation
phosphorus-containing products CH3SP(O)(CH3)OH [X = S
and Y = O] and CH3OP(S)(CH3)OH [X = O and Y = S], both
of molecular weight 126. On the basis of kinetic data for
organophosphorus compounds of structure (CH3O)nP(O)-
(SCH3)3−n and (CH3O)nP(S)(SCH3)3−n,

3,4 it is anticipated
that CH3OP(S)(CH3)OH will be significantly more reactive
than CH3SP(O)(CH3)OH toward OH radicals (because of the
presence of a P=S bond, with, for example, (CH3O)3PS being a
factor of ∼10 more reactive than (CH3O)3PO). Since the
reactions of OH radicals with (CH3O)3PS, (CH3O)2P(S)-
SCH3, (C2H5O)3PS, and (C2H5O)2P(S)CH3 lead to the
formation of (CH3O)3PO (in 28 ± 4% yield),26 (CH3O)2P-
(O)SCH3 (in 13 ± 5% yield),26 (C2H5O)3PO (in 60 ± 12%
yield),18 and (C2H5O)2P(O)CH3 (in 21 ± 4% yield),13

Scheme 1
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respectively, CH3OP(O)(CH3)OH (molecular weight 110) is
therefore an expected second-generation product from OH +
OSDMMP, being formed from OH + CH3OP(S)(CH3)OH.
The proposed reaction mechanism therefore accounts for the
molecular weight products observed in our API-MS analyses.

■ CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

Combining our OH and NO3 radical rate constants with an
assumed 12 h average daytime OH radical concentration of 2 ×
106 molecules cm−3 and an average 12 h nighttime NO3 radical
concentration of 5 × 108 molecules cm−3 leads to calculated
lifetimes of MTMPDA and ETMPDA of ∼45 min during
daytime and (for MTMPDA) ∼25 min during nighttime. The
corresponding lifetime for OSDMMP due to daytime reaction
with OH radicals is calculated to be 11 h. On the basis of our
present and previous4,8,10,15 studies, the reactions of MTMPDA
and ETMPDA with O3 and of OSDMMP with NO3 radicals
and O3 will of no importance under atmospheric conditions.
The products observed from OH and NO3 + MTMPDA and
from OH + ETMPDA were attributed to CH3OP(O)[N-
(CH3)2]N(CH3)CHO and C2H5OP(O)[N(CH3)2]N(CH3)-
CHO, respectively, and products with molecular weights
consistent with CH3SP(O)(CH3)OH, CH3OP(S)(CH3)OH,
and CH3OP(O)(CH3)OH were observed from OH +
OSDMMP.
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Figure S1. Plot of the GC-FID area counts of CH3OP(O)[N(CH3)2]N(CH3)CHO formed against 

the GC-FID area counts of MTMPDA removed by reaction with NO3 radicals and by 

dark decay.  The plotted data have not been corrected for differences in GC-FID 

response (see text) or for the small contribution to the MTMPDA lost by dark decay.  
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Figure S2. Plots of the GC-FID area counts of CH3OP(O)[N(CH3)2]N(CH3)CHO formed, 

corrected for losses (reactive loss and dark decay) against the GC-FID area counts of 

MTMPDA removed by reaction with OH radicals and by dark decay.  The plotted 

data have not been corrected for differences in GC-FID response (see text) or for the 

small contribution to the MTMPDA lost by dark decay.  For details of the 

corrections for losses of CH3OP(O)[N(CH3)2]N(CH3)CHO, see the text. 
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Figure S3. Plots of the GC-FID area counts of C2H5OP(O)[N(CH3)2]N(CH3)CHO formed, 

corrected for losses (reactive loss and dark decay) against the GC-FID area counts of 

ETMPDA removed by reaction with OH radicals and by dark decay.  The plotted 

data have not been corrected for differences in GC-FID response (see text) or for the 

small contribution to the ETMPDA lost by dark decay.  For details of the corrections 

for losses of C2H5OP(O)[N(CH3)2]N(CH3)CHO, see the text. 
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