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Kinetic and Product Study of the Gas-Phase Reactions of OH Radicals, N(Radicals, and
O3 with (C2H50),P(S)CHs and (C,Hs0)3PS

Sara M. Aschmann and Roger Atkinson* "+

Air Pollution Research Center, Department of:iiopnmental Sciences, and Department of Chemistry,
University of California, Rierside, California 92521

Receied: August 19, 2006; In Final Form: September 27, 2006

Rate constants for the reactions of OH radicals and N@icals withO,O-diethyl methylphosphonothioate
[(C2H50),P(S)CH; DEMPT] andO,0,0O-triethyl phosphorothioate [({E1s0)sPS; TEPT] have been measured
using relative rate methods at atmospheric pressure of air over the temperature rangé&HB6&or the OH

radical reactions and at 296 2 K for the NG, radical reactions. At 296 2 K, the rate constants obtained

for the OH radical reactions (in units of 18 cm® molecule® s™*) were 20.4+ 0.8 and 7.92+ 0.27 for
DEMPT and TEPT, respectively, and those for thesN@lical reactions (in units of 1@ cm?® molecule?

s 1) were 2.014 0.20 and 1.03t 0.10, respectively. Upper limits to the rate constants for the reactions of
O; with DEMPT and TEPT of<6 x 1072° cm?® molecule® s~ were determined in each case. Rate constants
for the OH radical reactions, measured relativé(H + o-pinene)= 1.21 x 107! &*3¢T cm?® molecule!

s1, resulted in the Arrhenius expressiok(©H + DEMPT) = 1.08 x 1011 7297 cm? molecule® st
andk(OH + TEPT) = 8.21 x 10713 1353497 cm? molecule® s7! over the temperature range 29848 K,

where the indicated errors are two least-squares standard deviations and do not include the uncertainties in
the reference rate constant. Diethyl methylphosphonate was identified and quantified from the OH radical
and NQ radical reactions with DEMPT, with formation yields of 21 4%, independent of temperature,
from the OH radical reaction and 62 11% from the NQ radical reaction at 296- 2 K. Similarly, triethyl
phosphate was identified and quantified from the OH radical and fd@ical reactions with TEPT, with
formation yields of 56+ 9%, independent of temperature, from the OH radical reaction an 8% from

the NG; radical reaction at 296- 2 K.

Introduction initiated reactions of (CkD);PS and (CHO),P(S)SCH, re-
spectively, were determinéd.
In this work we have extended our recent studies of the

: . : g atmospheric chemistry of a number of alkyl phosphates and
;?S:(;Eﬂz’s;ﬁteg?&gg]d I;ﬁfs’piln:nzzgt[\(’gg)%?éﬁylp%ﬁ_ phosphonatéd113to the measurement of rate constants for the

. : -phase reactions of OH radicals, \@dicals, and @with
phorothioates [(RQP(SR}-,S], and phosphonothioates [(R©) gas-pt . ;
(S)R], where R= alkyl or aryl, are used as plasticizers, flame 0,0-diethyl methylphosphonothioate [DEMPT; 4850),P(S)-

retardants, fire-resistant fluids and lubricants, and pesti¢iées. CHs] and O,0,0-triethyl phosphorothioate [TEPT; (H50)s-

These compounds and their precursors may be released inthS] at 296+ 2 K. Rate constants for the OH radical reaction

: Iso measured up to 348 K and, because diethyl meth-
the atmosphere, where they can undergo transport and chemicaf'¢r€¢ @ ) -
transformations. The kinetics of the atmospheric reactions of 4 YIphosphonate [DEMP; (£150)P(O)CHj and triethyl phos-

number of simple “model” alkyl phosphates, alkyl phospho- phate [TEP; (€Hs0)sPO] were observed as reaction products

; from the OH and N@ radical initiated reactions of DEMPT
h lkyl phosph f R)- ) : ) :
Egoliitfss)'g%akénpd c();%)%n(gt;s( ?Rsfugﬁ:%%gﬂgin%j; and TEPT, respectively, their formation yields were also
—Ny -
= H, CHs, GHs, or OCH=CCl,) have been studietf13 For ~ Measured.
the alkyl phosphates, phosphonates, and phosphorothioates .
studied to date, reaction with the OH radical is the dominant EXperimental Methods

atmospheric loss proces8:! _ _ Experiments were carried out in two chamber systems. A
The only alkyl phosphorothioates or phosphonothioates series of experiments was conducted at 20@ K and 735
containing a > 5b13nd studied to date are (@B)sPS and 1oy total pressure of dry purified air in 7000 L volume
(CH30):P(S)SCH.>* In addition to the measurement of rate  Teflon chamber, equipped with two parallel banks of blacklamps
constants for the reactions of (@B)sPS ?nd (CHO):P(S)SCH for irradiation®! Temperature-dependent experiments were
with OH radicals, NQ@ radicals, and P the formation yields  ¢aried out using a-4500 L volume Teflon “bag” inserted inside
of (CHyO)sPO and (CHO)P(O)SCH from the OH radical 5 5870 L Teflon-coated chamb®rwith irradiation provided
by a 24-kW xenon arc lamp filtered thraug 6 mmthick Pyrex
* To whom correspondence should be addressed. Telephone: (951) 827'pane to remove wavelengths300 nm. The 5870 L volume
4191. E-mail: ratkins@mail.ucr.edu. s . . .
T Air Pollution Research Center. Teflon-coated_evgcuable chamber is fitted \_Nlth_a heatlng/coollng
* Department of Environmental Sciences and Department of Chemistry. system, allowing its temperature to be maintained to within
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Volatile organic compounds emitted into the troposphere can
undergo photolysis (at wavelength90 nm), react with OH
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compound.

Figure 1. Plots of eq | for reactions of OH radicals wiO-diethyl
methylphosphonothioate (DEMPT) a@yO,O-triethyl phosphorothioate
(TEPT) at 296+ 2 K in the ~7000 L Teflon chamber, witke-pinene
as the reference compound.

©
o

K over the range 299348 K for the present study. Both
chambers were provided with Teflon-coated fan(s) to ensure
rapid mixing of reactants during their introduction into the
chamber. Temperatures of the gas mixtures inside the chambers
were measured by thermocouples. For the experiments carried
out in the evacuable chamber, the gas temperature within the
Teflon bag was withint1 K of the set-point temperature of
the chamber heating/cooling system controller. In all experi-
ments in both chambers, the temperature rise during the
intermittent irradiations was always2 K.

Kinetic Studies. Rate constants for the reactions of OH and
NO; radicals with DEMPT and TEPT were measured using
relative rate techniques in which the concentrations of DEMPT
and TEPT and a reference compound (whose OH radical or
NO; radical reaction rate constant is reliably known) were
measured in the presence of OH or Ni@dicals®6:8.9.11.13
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Figure 3. Plots of eq | for reactions of Ngradicals withO,O-diethyl
OH methylphosphonothioate (DEMPT) a@yO,0O-triethyl phosphorothioate
NO.[ T reference compoune- products (2) (TEPT) at 296+ 2 K (~7000 L Teflon chamber), with methacrolein
3

as the reference compound.

Providing that the organophosphorus compound and.the refer--l-eflon chamber in the Ngradical reactions), anki andk; are
ence compound reacted only with OH radicals orsNalicals, the rate constants for reactions 1 and 2, respectively.

then, Hydroxyl radicals were generated in the presence of NO by

the photolysis of methyl nitrite in air at wavelengths300
n([organophosphorutjl P — nm>891L13The initial reactant concentrations (moleculesém
[organophosphoru t were as follows: CBONO, ~2.4 x 10* NO, ~2.4 x 104
« [[reference compoun DEMPT (0.70-2.91) x 1013 TEPT, (1.94-2.62) x 103 and
2in °) — D, (1) a-pinene (the reference compound)2.4 x 10%, Irradiations
k, '\ [reference compoun ! were carried out in the-7000 L Teflon chamber at 20% of the

maximum light intensity for up to 7 min, and in the4500 L
where [organophosphorysind [reference compoungre the Teflon bag for up to 17 min. Experiments were also conducted
concentrations of DEMPT or TEPT and reference compound, to investigate the importance of dark decay and photolysis of
respectively, at timet,, [organophosphorushnd [reference ~2.4 x 10" molecules cm® of DEMPT and TEPT in the
compound]are the corresponding concentrations at tinie; ~7000 L Teflon chamber. For the photolysis experiment, 1.4
is a factor to account for dilution caused by any additions to x 10 molecules cm?® of cyclohexane was also added to the
the chamber during the experimen € O for the OH radical chamber to scavenge any OH radicals formed, and the reactant
reactions and; = 0.0026 per NOs addition to the~7000 L mixture was irradiated for a total of 60 min at 20% maximum
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TABLE 1: Rate Constant Ratios ki/k, and Rate Constantsk; (cm® molecule™* s™) for the Reactions of OH Radicals with
0,0-Diethyl Methylphosphonothioate (DEMPT) and O,0,0-Triethyl Phosphorothioate (TEPT), with a-Pinene as the Reference
Compound

DEMPT TEPT
T (K) chambet kllkzb 101 x k© k]_/kzb 101 x ki©
296+ 2 A 3.86+0.14 20.4+0.8 1.50+ 0.05 7.92+ 0.27
299+ 2 B 3.85+ 0.09 20.0+: 0.5 1.47+ 0.07 7.65+ 0.37
321+2 B 3.47+0.10 16.3+- 0.5 1.17+£ 0.04 5.514+0.19
348+ 3 B 3.12+ 0.05 13.2+0.3 0.951+ 0.042 4.03+ 0.18

aA = ~7000 L Teflon chamber; B= ~4500 L Teflon bag inside 5870 L evacuable chamBéndicated errors are two least-squares standard
deviations.¢ Placed on an absolute basis by use of the rate constant expregsiginene)= 1.21 x 107! &*%T cm?® molecule’ s~1.! The indicated
errors are the two least-squares standard deviations and do not include the uncertainties in the ratelepmstafitsre likely to be~ +10%12

TABLE 2: Rate Constant Ratios ki/k, and Rate Constantsk; (cm® molecule™? s71) for the Reactions of NOQ; Radicals with
(C2Hs0),P(S)CH; and (C;Hs0)3PS at 296+ 2 K, with Methacrolein as the Reference Compound

organophosphorus compound ki/ka? 10" x ki (cm® molecule! s7%)
(C2HsO),P(S)CH (DEMPT) 0.591:+ 0.057 2.014+0.20
(C:HsO)PS (TEPT) 0.302: 0.029 1.03+ 0.10

2 Using methacrolein as the reference compound. The indicated errors are two least-squares standard de?iatietien an absolute basis by
use of a rate constant &f(methacrolein)= 3.4 x 107'° cm® molecule® s™* at 296 K116

8

8 (C,H;0);PO (C,H0),PO
from from
(C,H;0),PS (C,H;0),PS

(o))
|
o
|

I
|
~
|

(C,H;0),P(O)CH,

10" x [Product],,, molecule cm®
-12 -3
10"“ x [Product],,, molecule cm

from

. 2 ¢

’ (C.H0),P(O)CH, (CH;0),P(S)CH,
from
(CZHEO)ZP(S)CH3

0@ T T T T 0O ‘ |

0 5 10 15 20 25 0 . : .

10" x [Organophosphorus] reacted, molecule cm™ 10 x [Organophosphorus] reacted. molecule cm®

Figure 4. Plots of amounts of diethyl methylphosphonate (DEMP)  EFigure 5. Plots of amounts of diethyl methylphosphonate (DEMP)
and triethyl phosphate (TEP) formed, corrected for secondary reactionsang triethyl phosphate (TEP) formed, corrected for secondary reactions
with OH radicals (see text), against amounts of DEMPT and TEPT ith NO, radicals (see text), against amounts of DEMPT and TEPT

reacted, respectively, with OH_ radi_cals at 20& K in the ~7000 L reacted, respectively, with NQ@adicals at 296= 2 K in the ~7000 L
Teflon chamber.@) Data from irradiated CLONO—NO—DEMPT— Teflon chamber. ©, ®) Data from reacting BDs—NO;—NO,—
TEPT—a-pinene-air mixtures; () data from irradiated CHONO— DEMPT—TEPT—methacroleir-air mixtures; (1, W) data from reacting
NO—-DEMPT—air and CHONO—NO—-TEPT—air mixtures. N,Os—NOs—NO,—DEMPT—methacroleir-air and NOs—NOs—NO,—

TEPT—air mixtures. The data for (ElsO);PO (TEP) have been

light intensity (the light intensity and spectral distribution as displaced vertically by 2.6« 10> molecules cm? for clarity.
used in the OH radical rate constant determinations) with
analyses after each 15 min of irradiation. chamber onto Tenax-TA solid adsorbent, with subsequent

Nitrate radicals were produced from the thermal decomposi- thermal desorption at+250 °C onto a 30 m DB-5 megabore
tion of N2Os,'5> and NQ was also included in the reactant column initially held at 0°C for 2 min and then temperature
mixtures. The initial reactant concentrations (moleculesm  programmed to 200C at 8 °C min~1. This GC column and
were as follows: DEMPT, (1.962.16) x 103, TEPT, (1.86- temperature program provided separation of DEMP from

1.98) x 10'3; methacrolein (the reference compound®.4 x DEMPT and of TEP from TEPT. Based on replicate analyses
10%3; and NQ, (2.4—-4.8) x 10", Two additions of NOs (each in the chamber in the dark, the analytical uncertainties for
addition corresponding to (1-41.3) x 10 molecules cm3 of DEMPT, TEPT, and the reference compounds used were
N2Os in the chamber) were made to the chamber during an typically <3%.

experiment. The rate constants, or upper limits thereof, for the reactions

The concentrations of the organophosphorus compounds andof DEMPT and TEPT with @were determined by monitoring
the reference compounds were measured during the experimentthe decay of DEMPT and TEPT in the presence of a known
by gas chromatography with flame ionization detection (GC- concentration of @%1 with cyclohexane being present to
FID). Gas samples of 100 émolume were collected from the  scavenge any OH radicals formed. Assuming that under these
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TABLE 3: Molar Formation Yields of (C ;Hs0),P(O)CH3
(DEMP) and (C,Hs0)3PO (TEP) from the Reactions of OH
Radicals with (CzH50)2P(S)CH3 (DEMPT) and (C2H50)3PS
(TEPT), Respectively

reactant product T (K) molar yield?
(CHsO)P(S)CH  (CoHsO),P(O)CH; 296+ 2  0.194+0.04
299+ 2 0.22+0.05

321+2 0.23+0.04

348+3 0.24+0.08

(C:Hs0)sPS (GHs0):PO 296+ 2 0.53+0.09
299+2 0.59+0.10

321+2 0.57+0.09

348+3 0.45+0.14

Aschmann and Atkinson

addition corresponding to (1-11.6) x 10 molecules cm?
N2Os in the chamber) were made to the chamber during an
experiment.

Chemicals.The chemicals used, and their stated purities, were
as follows: diethyl methylphosphonate (97%),0-diethyl
methylphosphonothioate (97%);pinene (99-%), methacrolein
(95%), and triethyl phosphate (996), Aldrich Chemical Co.;
0,0,0-triethyl phosphorothioate, Chem Service; and NO
(=299.0%), Matheson Gas Products. Methyl nitrite argDN
were prepared and stored as described previdifstyand G
in O, diluent was generated using a Welsbach T-408 ozone
generator. N@Q was prepared as needed by reacting NO with

aIndicated errors are two least-squares standard deviations of the@n excess of @

slopes of the plots such as those shown in Figure 4 combined with

estimated uncertainties in the GC-FID calibration factors for DEMPT,
TEPT, DEMP, and TEP of-10% each.

conditions the only loss process for DEMPT and TEPT is by
reaction with @, then

In([organophosphoru&ﬂ[organophosphorug]— D, =
ks[O4](t — t5) (1)

where [organophosphoryshnd [organophosphorysire the
concentrations of DEMPT or TEPT at timésandt, respec-
tively, D¢ (=0.0026) is the small amount of dilution caused by
the initial addition of Q to the~7000 L Teflon chamber, and
ks is the rate constant for reaction 3.

O, + organophosphorus compounedproducts  (3)
The initial reactant concentrations (moleculesémwere as
follows: DEMPT and TEPT~2.4 x 10'3 each; Q, 3.48 x
103, and cyclohexane, 1.4 10%. Os; concentrations were
measured during the 4.0 h duration reaction by ultraviolet

Results

Photolysis and Dark ReactionsNo decays £5%) of gas-
phase DEMPT or TEPT were observed in thé000 L Teflon
chamber either in the dark over a period of 4.8 h or during
photolysis (60 min irradiation at the same light intensity and
spectral distribution as used in the OH radical rate constant
determinations, with a total duration of the experiment of 3.6
h). These data show that dark decay and photolysis of DEMPT
and TEPT were of no importance in the irradiatedsONO—
NO—DEMPT—TEPT—air mixtures used to determine the OH
radical reaction rate constants. Replicate analyses of the reactant
mixtures in the~4500 L Teflon bag prior to initiating the
reactions also showed no evidence for dark decay of DEMPT
or TEPT (nor of continued formation of DEMP or TEP,
respectively, after introduction of DEMPT or TEPT into the
chamber; see below).

Rate Constants for Reactions with OH Radicals and N@
Radicals. CH;ONO—NO—DEMPT—TEPT—a-pinene-air ir-
radiations and reactions 0H85—NO;—NO,—DEMPT—TEPT—
methacroleirrair and NOs—NO3;—NO,—DEMPT—methac-
rolein—air mixtures were carried out in the7000 L Teflon

absorption using a Dasibi Model 1003-AH ozone analyzer, and chamber at 29& 2 K, and CHONO—-NO—-DEMPT-TEPT-

the concentrations of DEMPT and TEPT were measured by GC-

FID as described above.

Formation of (C;Hs0),P(O)CH3 and (C;Hs0)3PO from
the OH Radical Reactions.Products of the reactions of OH
radicals with DEMPT and TEPT were investigated using GC-
FID analyses. In addition to data from the kinetic experiments
discussed above, irradiations of two @HNO—NO—-DEMPT—
air and two CHONO—NO—-TEPT—air mixtures were carried
out at 296+ 2 K, with initial reactant concentrations similar to

o-pinene-air irradiations were carried out in the4500 L
Teflon bag inside the 5870 L evacuable chamber at 298,

321 £+ 2, and 348+ 3 K. The data obtained are plotted in
accordance with eq | in Figures 1 and 2 (OH radical reactions)
and Figure 3 (N@ radical reactions). Least-squares analyses
of these data lead to the rate constant rdtids given in Tables

1 (OH radical reactions) and 2 (N®@adical reactions). These
rate constant ratids/k, are placed on an absolute basis by use
of recommended rate constantskgf= 1.21 x 10~ 11 &*36M cm3

those used in the kinetic experiments and with analyses by GC-molecule* s~ for the reaction of OH radicals with-pinené

FID and combined gas chromatographwiass spectrometry
(GC—MS). For the GG-MS analyses, 100 chgas samples
were collected from the chamber onto Tenax-TA solid adsor-

andk, = 3.4 x 10715 cm® molecule? s71 at 296 K for the
reactions of NQ@ radicals with methacroleihl® The resulting
rate constantk; for the reactions of OH radicals and NO

bent, with subsequent thermal desorption onto a 60 m DB-5MS radicals with DEMPT and TEPT are given in Tables 1 and 2,

capillary column in a Hewlett-Packard (HP) 5890 GC interfaced

respectively.

to a HP 5971A mass selective detector operated in the scanning Rate Constants for Reactions with Q. No decays €5%)

mode. The GC column was initially held a5 °C for 10 min

and then temperature programmed &C8min~1 to 300°C.
Formation of (C,Hs0),P(O)CH3 and (C;Hs0)3PO from

the NO3 Radical Reactions.Products of the reactions of NO

radicals with DEMPT and TEPT were investigated at 29@

K in the ~7000 L Teflon chamber using GC-FID analyses,

including data from the kinetic experiments. GMIS analyses

were also carried out during one DEMPT and one TEPT reaction

for product identification. The initial reactant concentrations
(molecules cm3) were as follows: DEMPT and/or TEPT,
(1.84-2.16) x 103, methacrolein (when present)2.4 x 103
and NQ, (2.4-4.8) x 103 Two additions of NOs (each

of gas-phase DEMPT or TEPT were measured irrtf@00 L
Teflon chamber in the presence of 3.48.0'® molecules cm?

O3 over a reaction period of 240 min. Use of an upper limit of
5% for the amount of DEMPT or TEPT reacted over this time
period results in upper limits to the rate constants for reaction
of Os with DEMPT and TEPT ofks < 6 x 10720 cm?®
molecule! s™t at 296+ 2 K.

Products of the Reactions with OH Radicals and N@
Radicals by Gas Chromatography.GC-FID and GC-MS
analyses of irradiated GANO—NO—DEMPT—air and CH-
ONO—NO—TEPT—air mixtures and of reacted Ns—NO,—
DEMPT—methacroleia-air and NOs—NO,—TEPT—air mix-
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TABLE 4: Formation Yields of (C ;Hs0),P(O)CH3z (DEMP) and (C,Hs0)sPO (TEP) from the Reactions of NG Radicals with
(C2Hs0),P(S)CH; (DEMPT) and (C,Hs0)3PS (TEPT), Respectively, at 296t 2 K

organophosphorus compound product molar yield
(C2Hs0):P(S)CH (DEMPT) (GHs0):P(S)CH (DEMP) 0.62+0.11
(C;Hs0)sPS (TEPT) (GHs0)sPO (TEP) 0.78+ 0.15

@ |ndicated errors are two least-squares standard deviations of the slopes of the plots shown in Figure 5 combined with estimated uncertainties
in the GC-FID calibration factors for DEMPT, TEPT, DEMP, and TEP+if0% each.

TABLE 5: Room Temperature Rate Constants (cn molecule ! s1) for the Gas-Phase Reactions of Selected Organophosphorus

Compounds with OH and NO; Radicals

organophosphorus compound 120 k(OH)? 10 x k(NOg)2 reference
(CH;0);PO 6.92+ 0.09 Tuazon et d.
(CH:0),P(0)SCH 8.64+ 0.63 <11 Goodman et &.
(CHsS)LP(0)OCH 8.92+ 0.70 <24 Goodman et &l.
(CH30)sPS 69.0+ 3.8 <160 Goodman et &l.
(CH30),P(S)SCH 55.44+ 1.7 <280 Goodman et al.
(C;Hs0)3PO (TEP) 51.7 24+ 1.4 Aschmann et &
(CoHs0),P(O)CH; (DEMP) 55.6 3.7+1.1 Aschmann et &3
(CHs0)P(O)GHs 57.8 34+1.4 Aschmann et &
(C;Hs0)3PS (TEPT) 76.9 10.3+ 1.0 this work
(C2HsO)P(S)CH (DEMPT) 20P 20.1+ 2.0 this work

2 Relative rate measurements. Placed on an absolute basis using the most recent recommendations for the reference contpd Qadisulestedl

from Arrhenius expressions.

30
25 1
20 - (C,H;0),P(S)CH,

10" x k (cm3 molecule™ s")
-

O 4
g 4
8 4
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6 4
5 4
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Figure 6. Arrhenius plot of rate constants for reactions of OH radicals
with O,0-diethyl methylphosphonothioate (DEMPT) a@¢D,O-triethyl

mixture and 0.6% TEP in the J0s—NO3;—NO,—TEPT—air
mixture.

DEMP and TEP also react with OH and N@adicals?13
and the measured concentrations of DEMP and TEP in these
OH and NQ radical initiated reactions were corrected for
secondary reactions with OH or NQadicald’” and for the
amounts initially present. The OH radical reaction rate constants
used to calculate these corrections were calculated from the
Arrhenius expressions obtained here for DEMPT and TEPT and
previously for DEMP and TEP, and the rate constants used
for the NG; radical reactions were those measured here and
previously? The multiplicative correction factors to take into
account these secondary reactions increase with the rate constant
ratio k(OH/NG; + product)k(OH/NGO; + reactant) and with the
extent of reactiod? and were<1.40 for formation of DEMP
from the OH+ DEMPT reactions<1.67 for formation of TEP
from the OH+ TEPT reactions<1.08 for formation of DEMP
from the NQ + DEMPT reactions, and:1.05 for formation
of TEP from the N@ + TEPT reactions. Plots of the amounts

phosphorothioate (TEPT). Rate constants are from experiments carriedyf DEMP and TEP formed. corrected for secondary reactions

out in (O) ~4500 L Teflon bag inside evacuable chamber (2998
K) and (1) ~7000 L Teflon chamber at 29& 2 K. The indicated

error bars are two least-squares standard deviations (Table 1) and d

not include the uncertainties in the rate constantsofguinene, the
reference compound in all cases.

and initially present DEMP and TEP, against the amounts of

JPEMPT and TEPT reacted, respectively, are shown in Figure

4 for the OH radical reactions at 2962 K and in Figure 5 for
the NG radical reactions. Good straight-line plots are observed,
and the data obtained from experiments containing only DEMPT

tures showed the formation of DEMP from the DEMPT or TEPT are indistinguishable from those obtained from
reactions and of TEP from the TEPT reactions. DEMP and TEP experiments in which both DEMPT and TEPT were present.
were present prior to the irradiations, with the initially present The formation yields of DEMP from the DEMPT reactions and
DEMP and TEP concentrations, relative to those of DEMPT of TEP from the TEPT reactions, obtained by least-squares
and TEPT, respectively, depending on the reaction system,analyses of the experimental data, are given in Tables 3 (OH
chamber, and temperature. The respective initial DEMP/DEMPT radical reactions) and 4 (N@adical reactions). As evident from

and TEP/TEPT ratios in the GANO—-NO—-DEMPT-TEPT—
o-pinene-air mixtures were 041.3% and nondetectable at 296
+ 2 K, 0.9-2.5% and<1.2% at 299+ 2 K, 6.5-8.0% and
3.7-5.4% at 321+ 2 K, and 7.2-30% and 3.%+11% at 348+

3 K. Relative to DEMPT and TEPT, there was initially 8.4
9.3% DEMP in the CHONO—NO—-DEMPT—air mixtures and
0.6—0.8% TEP in the CEONO—NO—-TEPT—air mixtures, all
at 296+ 2 K. The respective initial DEMP/DEMPT and TEP/
TEPT ratios in the BOs—NO3;—NO,—DEMPT—TEPT—meth-
acrolein—air mixtures were 2.24.1% and 1.4-2.5%, with 7.9%
DEMP in the NOs—NO3;—NO,—DEMPT—methacroleir-air

Table 3, the uncertainties in the DEMP and TEP formation
yields from the OH radical initiated reaction increase at the
higher temperatures because of the presence of higher fractions
of initial DEMP or TEP in the reactant mixtures at higher
temperatures. Within the overall experimental uncertainties (and
within the two least-squares standard deviations of the slopes
of plots such as those shown in Figure 4), the DEMP and TEP
formation yields from the OH radical initiated reactions of
DEMPT and TEPT, respectively, are independent of temperature
over the range 296348 K. The weighted averages [weighted
by (1/standard deviatiofi)are 21+ 4% for formation of DEMP
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TABLE 6: Arrhenius Parameters, k = Ae BT, for the Reactions of OH Radicals withO,0-Diethyl Methylphosphonothioate
(DEMPT) and O,0,0-Triethyl Phosphorothioate (TEPT), and Literature Data for Diethyl Methylphosphonate (DEMP) and
Triethyl Phosphate (TEP)

reactant A (cm® molecule’? s71)2 B0 (K) 10 x k(298 K¥ (cm® molecule* s™1)
(C2Hs0),P(S)CH (DEMPT) 1.08x 1071 —871+25 20.1
(CHsO)sPS (TEPTY 8.21x 10713 —1353+ 49 7.69
(C2Hs0),P(O)CH; (DEMPY 4.20x 10713 —1456+ 227 5.56
(C2Hs0)sPO (TEPY 4.29% 10713 —1428+ 219 5.17

2 From least-squares analysis of rate constants measured relative to thasgirfiene, usind(a-pinene)= 1.21 x 10~ &*3¢™ cm?® molecule™*
s L1 PIndicated errors are two least-squares standard deviations. Estimated overall uncertaBtae #400 K. ¢ Calculated from Arrhenius
expression. Estimated overall uncertainties £02%. 9 This work. ¢ From Aschmann et &@

from DEMPT and 56+ 9% for formation of TEP from TEPT, Analogous to the corresponding reactions of OH radicals with
where the indicated errors are two weighted standard deviationsTEP, DEMP, and other alkyl phosphonates, the magnitude of
combined with estimated overall uncertainties in the GC-FID the rate constants for the OH radical reactions with DEMPT
response factors for DEMP, DEMPT, TEP, and TEPEGD% and TEPT (Tables 1 and 6) and the highly negative values of

each. B suggest that these reactions proceed by initial complex
formation (possibly a hydrogen-bonded complex), followed by
Discussion decomposition to either reactants or products. For example, for
The rate constants measured here for the reactions of OHTEPT

first reported for these compounds. The observed lack of reaction

with Oz is consistent with previous data for the reactions ef O

with (CHz0)sPS and (CHO),P(S)SCH.5 As shown in Table  With back-decomposition of the [HE&(C:HsO)sPS] complex

5, the room temperature rate constants measured here for thd0 reactants having a higher barrier than decomposition(s) to
reactions of N@ radicals with DEMPT and TEPT are higher Pproducts to account for the negative temperature dependénce.
by factors of 6 and 4 than those for the reactions of;K@licals The formation of DEMP from DEMPT and of TEP from
with DEMP and TEP, respectivelyand are consistent with the ~ TEPT in less than 100% yields shows that other products are
upper limits to the room temperature rate constants previously formed from both the OH radical and N@adical reactions.
measured for (CEO)sPS and (CHO),P(S)SCHS5 The increased ~ The identification of products from the OH radical-initiated
reactivity of DEMPT and TEPT compared to DEMP and TEP reactions using in situ atmospheric pressure ionization mass
toward reaction with the N©radical suggests that reaction at Spectrometry and Fourier transform infrared spectroscopy will
the P=S bond is important, consistent with the observed be reported elsewhefwith the possible reaction mechanisms
formation of DEMP from DEMPT and of TEP from TEPT in  &lso being presented and discus&ed.

62 + 11% and 78+ 15% vyields, respectively, at 296 2 K Atmospheric Implications. As evident from the rate con-
(Table 4). stants measured in this work for 4850)sPS and (GHsO),P-

At room temperature, DEMPT and TEPT are also more (S)CHsand previously for (CHO)sPS and (CHO),P(S)SCH,®
reactive toward the OH radical than are DEMP and TEP by the alkyl phosphorothioates and phosphonothioates containing
factors of 3.6 and 1.5, respectively (Table 5), and this is @ P=S bond are highly reactive toward OH radicals, but react
consistent with the increased reactivity of (€3PS and  only slowly with NO; radicals and @ Combining the rate
(CHz0):P(S)SCH compared to (CED)PO, (CHO)P(O)- constants measured here forgO0)sPS and (GHsO)P(S)-
SCH;, and (CHS),P(O)OCH; (Table 5). This increase in OH  CHswith an average 12-h daytime concentration of OH radicals
radical reaction rate constants in compounds containi§ P~ of 2.0 x 10° molecules cm32° an average 12-h nighttime
bonds compared to the corresponding compounds containingconcentration of N@radicals of 5x 10° molecules cm??!
P=0 bonds indicates a reaction pathway involving theS? ~ and a 24-h average concentration of@® 7 x 10'* molecules
bond';‘3 and this is confirmed by the formation of DEMP from Cm73,22 leads to calculated lifetimes due to reactions with OH
DEMPT (in 21+ 4% vyield, independent of temperature over radicals, N@ radicals, and @of 0.7-1.8 h, 23-45 days, and
the range 296348 K), TEP from TEPT (in 56+ 9% yield, >275 days, respectively. In the gas phase, therefore, these
independent of temperature over the range 2348 K), compounds will have short atmospheric lifetimes due to reaction
(CH30)PO from (CHO)PS (in 28+ 4% yield at 296+ 2 with OH radicals, with these reactions forming, in part, the
K),14and (CHO),P(0)SCH from (CHz0),P(S)SCH (in 13+ corresponding oxon. Ambient measurements of parathion and
5% yield at 296+ 2 K).14 Interestingly, the partial rate constants Methyl parathion and their oxon derivatives paraoxon and methyl
at room temperature for the formation of DEMP from DEMPT paraoxon appear to be consistent with these expectafiots,
[(4.1 £ 0.7) x 107! cm® molecule’ 573 and of TEP from although oxidation of parathion and methyl parathion on surfaces
TEPT [(4.3% 0.6) x 101 cn® molecule’l s~1 are essentially ~ cannot be ruled ouf
identical, suggesting that interaction of the OH radical with the
P=S group occurs at the same rate in both DEMPT and TEPT. Acknowledgment. The authors thank ENSCO, Inc., for
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