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Temperature-Dependent Rate Constants for the Gas-Phase Reactions of OH Radicals with
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Rate constants for the reactions of OH radicals with dimethyl methylphosphonate [DMMBOYEXO)-

CHg], dimethyl ethylphosphonate [DMEP, (GB),P(O)GHs], diethyl methylphosphonate [DEMP, £850),P-

(O)CHg], diethyl ethylphosphonate [DEEP, 4850),P(O)GHs], triethyl phosphate [TEP, (f150);PO] and
1,3,5-trimethylbenzene have been measured over the temperature rang8# at atmospheric pressure

of air using a relative rate method-Pinene (for DEMP, DEEP, TEP and 1,3,5-trimethylbenzene) and di-
n-butyl ether (for DMMP and DMEP) were used as the reference compounds, and rate constants for the
reaction of OH radicals with dirbutyl ether were also measured over the same temperature range using
a-pinene andh-decane as the reference compounds. The Arrhenius expressions obtained for these OH radical
reactions (in cri molecule* st units) are 8.00x 10 14g147C=132T for DMMP (296-348 K), 9.76 x
107141520519 for DMEP (296-348 K), 4.20 x 1071314562201 for DEMP (296-348 K), 6.46 x
10713133376 for DEEP (296-348 K), 4.29 x 1071314282191 for TEP (296-347 K), and 4.40x

10 12738E17O)T for 1,3, 5-trimethylbenzene (27847 K), where the indicated errors are two least-squares
standard deviations and do not include the uncertainties in the rate constants for the reference compounds.
The measured rate constants fonddutyl ether are in good agreement with literature data over the temperature
range studied (278348 K).

Introduction temperature range, and the yield of acetaldehyde has been

measured from the OH radical-initiated reaction of TEP at 347
Organophosphorus compounds of structure REP O)R: + 1K

and (RO}_«P(S)R, where R= alkyl, are widely used as
pesticide_§. These compounds and their precursors may be Experimental Methods
released into the atmosphere where they can undergo transport
and chemical transformations, which for gaseous compounds Experiments were carried out in three different chamber
include reactions with OH radicals, N@adicals and @2 To systems. A limited series of experiments were conducted at 297
date, rate constants for the gas-phase reactions of a number oft 1 K and 735 Torr total pressure of dry purified air in-@000
simple alkyl phosphates, alkyl phosphorothioates and alkyl L volume Teflon chambet!°equipped with two parallel banks
phosphonates of structure (R®JO)(SR}-n, (ROWP(S)(SR}-n of blacklamps for irradiation. Temperature-dependent experi-
and (RO)P(O)X (R= CHs or CHs and X = H, CHs;, CHs ments were initially carried out at 303 and 34344 K in a
and OCH=CCl,) with OH radicals, NQ radicals and @have 5870 L Teflon-coated, evacuable chamber, with irradiation
been measured at room temperaftd.For these organophos- ~ provided by a 24 kW xenon arc lamp filtered throug 6 mm
phorus compounds, reaction with the OH radical is calculated thick Pyrex pane to remove wavelength800 nm!810 The
to be the dominant atmospheric loss process. majority of the experiments were carried out using4500 L

To date, no temperature-dependent rate data exist for theVolume Teflon “bag” inserted inside the 5870 L Teflon-coated

reactions of OH radicals with organophosphorus compounds. cha:nber,fylvith i(rirar(]jiation %gain F;]r.mlf(lj:ed by the 24 kW xenon
Accordingly, in this work we have used a relative rate method arc almp tlhteiz Oct) rouy '?Il'h m5r2t7 (')C L yrlex panTe ftlo remO\t/e q
to measure rate constants for the reactions of OH radicals with VaV€'€Ngtns nm. 1Ne 50, volume Tetion-coate
dimethyl methylphosphonate [DMMP, (GB),P(O)CH], di- evacuable chamber is fitted with a heating/cooling system,
methyl ethylphosphonate [DMEP (Qé)zP(O)CzH ] diéthyl allowing its temperature to be maintained to withii K over
methylphosphonate [DEMP, (& (’)) P(O)CH diZt’h | eth- the range 278348 K for the present study. All three chambers

| ho);phonZte [DEEP. (& (’)) P(SO)EJZH | and ‘rieth 3( hos.  \Were provided with Teflon-coated fan(s) to ensure rapid mixing
gﬁate [F')I'EP (@450)3P6] a'? atzmospheri?: oressure )éf Zir over of reactants during their introduction into the chamber.
the temperéture range 27848 K. In addition, rate constants Rate constants for the reactions of OH radicals with DMMP,
for the reactions of OH radicals with 1,3,5-trimethylbenzene DMEP: DEMP, DEEP, TEP, 1,3 5-trimethylbenzene and-di- -
and din-butyl ether have also been measured over the samebu'[.yI ether were mgasured using a relative rate technique in

which the concentrations of the test compound(s) and a reference

compound (whose OH radical reaction rate constant is reliably

*To whom correspondence should be addressed. E-mail: ratkins@ ; .
mail.ucr.edu. Telephone: (951) 827-4191, known) were measured in the presence of OH radicHls.

tAlso Department of Environmental Sciences and Department of Providing thatthe only loss processes for the organophosphorus
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by reaction with OH radicals, 1.0
OH + organophosphorus compousitlproducts (1) =
< 0.8
OH + reference compoune- products (2) <
3
then 5 06 A
=)
[organophosphorug ge
In = 5 041
[organophosphor =
ky [reference compoun P
—1In g1 & 02
k, [reference compoun 0 % 02
where [organophosphorysind [reference compoungre the 00 : . ,
concentrations of the organophosphorus (or test) compound and 0.0 0.1 0.2 0.3
reference compound, respectively, at titmgorganophospho- In([n-Decane], /[n-Decane],)

rus} and [reference compoundre the corresponding concen-  riqre 1. piot of eq | for the reactions of OH radicals with dibutyl
trations at time, andk; andk; are the rate constants for reactions  ether at 297+ 1 K, with n-decane as the reference compound.

1 and 2, respectively.

Hydroxyl radicals were generated in the presence of NO by 1.0
the photolysis of methyl nitrite in air at wavelengths300
nm&10The initial reactant concentrations (molecule &pwere
~(2.4-3.1) x 101 for CH;ONO, ~(2.4-3.1) x 101 for NO
and~(2.4-3.1) x 10" for organophosphorus or test compound
and reference compound. Irradiations were carried out for up
to 27 min (~7000 L Teflon chamber) or 45 min (evacuable
chamber, with or without Teflon bag inserted).

The concentrations af-pinene, 1,3,5-trimethylbenzene, di-
n-butyl ether,n-decane, DMMP, DMEP, DEMP, DEEP and
TEP (and acetaldehyde from selected TEP reactions, see below)
were measured during the experiments by gas chromatography
with flame ionization detection (GC-FI)!° Gas samples of
100 cn¥ volume were collected from the chamber onto Tenax- 00 & , ‘ i ,
TA solid adsorbent (maintained at room temperature), with 0.0 0.2 0.4 06 08 1.0
subsequent thermal desorption~a250 °C onto a 30 m DB- In(lo—Pinene], /[o-Pinene])

1701 megabore column held afQ or, for analyses involving Figure 2. Plots of eq | for the reactions of OH radicals with triethyl
acetaldehyde;-40 °C, and then temperature programmed t0 phosphate (TEP) at 278 2, 2984 1, 320 2 and 347+ 2 K, with
200°C at 8°C min*. Based on replicate analyses in Teflon -pinene as the reference compound.

chambers in the dark, the analytical uncertainties for the ) . )
organophosphorus compounds, 1,3,5-trimethylbenzene and thé--Pinene, DEMP+ 1,3,5-trimethylbenzene a-pinene, DEEP
reference compounds used were typicati§%. + 1,3,5-tr|methylbenzene o-pinene, DEMP+ dl-n-bgtyl ether

Temperatures of the gas mixtures inside the chambers weret @-pinene, DEMP+ DEEP+ a-pinene, DEEP+ di-n-butyl
measured by thermocouples. For the experiments carried out in theéther + a-pinene, din-butyl ether + a-pinene, DMMP +
evacuable chamber, the gas temperature (including that withinDMEP + di-n-butyl ether, and di-butyl ether+ n-decane.
the Teflon bag when fitted) was withitt1 K of the set-point o-Pinene and di-butyl ether were used as the reference
temperature of the chamber heating/cooling system controller. compou_nds because rat_e constants for their OH radical reactions
In all experiments in all three chamber systems, the temperature@'® available as a function of temperature over the temperature
rise during the intermittent irradiations was alwayg K. range used here (27848 K)?>*2*3their OH radical reaction

The chemicals used, and their stated purities, were acetalde/ate constants are of a similar magnitude to those of 1,3,5-
hyde (99.5-%), n-decane (99-%), diethyl methylphosphonate  trimethylbenzene and the organophosphorus compounds studied
(97%), dimethyl methylphosphonate (97%), rébutyl ether here%&loﬂa.md they could be analyzed using the same collection
(99+%), a-pinene (99-%), and triethyl phosphate (994), and analysis procedure and GC column as employed for 1,3,5-
(Aldrich Chemical Co.); dimethyl ethylphosphonate (98%) trimethylbenzene and _the organopho_sphoru_s co_mpounds. Rate
(Cerilliant Corp.); diethyl ethylphosphonate (98%) (Lancaster); constants for the reactions of OH radicals witmebutyl ether
1,3,5-trimethylbenzene (Eastman); and N(®9.0%) (Matheson relative to those foa-pinene (over the temperature range 278
Gas Products). Methyl nitrite was prepared as described by 348 KY andn-decane (at 29% 1 K)?*“were also measured to

298 + 1K

278 +2K
0.8 1

o
o
.

347 +2K

In([TEP],/[TEP],)
o
~

320 + 2K

0.2 |

Taylor et al'! and stored under vacuum at 77 K. check for consistency of the rate constants used for the reference
compounds (see below).
Results Figure 1 shows a plot of eq | for the reaction of OH radicals
Irradiations of CHONO—NO-—organic compoungéair mix- with di-n-butyl ether, withn-decane as the reference compound,
tures were carried out in one or more of the chamber systems,carried out in the~7000 L Teflon chamber at 29F% 1 K (the
with the following organic compounds: TEP 1,3,5-trimeth- only set of experiments conducted in that chamber). Figures 2

ylbenzenet a-pinene, TEP+ a-pinene, TEP+ di-n-butyl ether and 3 show representative plots of eq | for the reactions of OH
+ a-pinene, 1,3,5-trimethylbenzene di-n-butyl ether + radicals with TEP and 1,3,5-trimethylbenzene, respectively, with
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1.0 TABLE 2: Rate Constant Ratios ki/k, and Rate Constants
ki (cm® molecule® s1) Measured in This Laboratory for the
Reactions of OH Radicals with 1,3,5-Trimethylbenzene
0.8 1 (135-TMB) and Triethyl Phosphate (TEP), with a-Pinene as
= 278 £2K the Reference Compound unless Noted Otherwise
= 135-TMB TEP
8 061 347+2K temp (K) chambér  ki/k,® 10Mke Kafko? 10Mke
= 320+ 2K 278+2 A 1.01+0.03 5.86+0.18 1.614+0.19 9.35+1.11
= = 296+ 2d¢  Bde d 5.75+0.30 e 5.53+ 0.3%
G 296+2° B 1.124+0.0Z2 5.91+0.1F 1.05+0.08 5.54+0.32
= 296+2 B fg 5.39+ 0.24
Z 298+1 A 0.989+ 0.021 5.17+ 0.11 0.969+ 0.061 5.06+ 0.32
02 { 303+t2 C 1.004+0.03 5.10+0.16 0.805+ 0.055h
320+£2 A 0.9344 0.035 4.4} 0.17 0.756+ 0.037 3.57+ 0.18
344+2 C 0.860+ 0.026 3.70+ 0.12 0.523+ 0.054 h
00 & . . . . 34742 A 0.859+ 0.014 3.65+ 0.06 0.631+ 0.032 2.6+ 0.14
0.0 02 04 06 08 1.0

aA = ~4500 L Teflon bag inside 5870 L evacuable chamber; B
~7000 L Teflon chamber; G= 5870 L evacuable, Teflon-coated
chamber? Indicated errors are two least-squares standard deviations.
¢ Placed on an absolute basis by use of the rate constant expression
ko(a-pinene)= 1.21 x 10711 &*3¢™ cm® molecule s~1.2 The indicated
errors are the two least-squares standard deviations and do not include
the uncertainties in the rate constaltswhich are likely to be~+10%.

4 From Atkinson and Aschmarifijn a 6400 L volume Teflon chamber
with propene as the reference compound. Rate constantkiétio=
2.16+ 0.11 placed on an absolute basis by uskx(gropene)= 2.66

x 107 cm?® molecule® s at 296 K2 ¢ From Atkinson et al%,in a
6400 L volume Teflon chamber with propene as the reference

In([o—Pinene], /[o—Pinene])

Figure 3. Plots of eq | for the reactions of OH radicals with 1,3,5-
trimethylbenzene (135-TMB) at 278 2, 298+ 1, 320+ 2 and 347

+ 2 K, with a-pinene as the reference compound. The data for 135-
TMB at 320+ 2, 298+ 1 and 278+ 2 K have been displaced vertically
by 0.05, 0.10 and 0.15 units, respectively, for clarity.

TABLE 1: Rate Constant Ratios ki/k, and Rate Constants
ki1 Measured in Our Present and Previous Work for the
Reaction of OH Radicals with Din-butyl Ether

b 10, 1 ene compound. Rate constant ratiglk, = 2.08 £+ 0.13 placed on an
temp (K) chamberrefcompd  ki/ke (cm® molecule™ ™) absolute basis by use &f(propene)= 2.66 x 1071t cm? molecule’?
278+ 2 A a-pinene 0.507% 0.015 2.94+ 0.09 s tat 296 K2 fFrom Aschmann et &.9 1,3,5-Trimethylbenzene was
296+ 24 B o-pinene 0.578 0.014 3.05+ 0.08 used as the reference compound. The measured rate constaii/ratio
297+ 1 B n-decane 2.72Z 0.08 2.994+ 0.09 k. = 0.951+ 0.042 is placed on an absolute basis by usk.df,3,5-
298+ 1 A o-pinene 0.519+ 0.013 2.71+ 0.07 trimethylbenzene)= 5.67 x 107! cm® molecule® s™! at 296 K?
303+ 1 C o-pinene 0.549 0.007 2.80+ 0.04 hBecause of evidence for wall absorption of TEP (compare with rate
343+ 1 C o-pinene 0.514 0.013 2.23+0.06 constant ratios at similar temperatures obtained int@00 L Teflon
348+ 2 A o-pinene 0.518t 0.014 2.19-0.06 chamber and the-4500 L Teflon bag inserted in the 5870 L evacuable

chamber; see also text), rate constants obtained from the rate constant
ratios in this chamber system are believed to be erroneously low and
therefore are not cited here.

a A = ~4500 L Teflon bag inside 5870 L evacuable chamber; B
~7000 L Teflon chamber; G= 5870 L evacuable, Teflon-coated
chamber? Indicated errors are two least-squares standard deviations.
¢ Placed on an absolute basis by use of rate constarikgreflecane)
= 1.10 x 107 cm® molecule® st at 297 K14 and ky(a-pinene)=
1.21 x 1071 &3¢ cm?® molecule? s71.2 The indicated errors are the
two least-squares standard deviations and do not include the uncertain
ties in the rate constants, which are likely to be~410%.9From
Aschmann et d.

DEMP derived from experiments in which these compounds
were present in addition to the reference compound, together
with the corresponding rate constant ratios for TEP versus 1,3,5-
trimethylbenzene and DEEP versus DEMP obtained in our
previous room temperature studlyt is immediately obvious
from Tables 2 and 3 that the rate constant rakidis, for TEP,
o-pinene as the reference compound at the various temperature®EMP and DEEP obtained in the 5870 L evacuable chamber
studied in the~4500 L Teflon bag inserted inside the 5870 L  without a Teflon bag inserted (chamber “C” in Tables 2 and 3)
evacuable and thermostated chamber. Plots of the experimentaht 303 K and 343344 K are 15-30% lower than those

data for DEMP and DEEP usingpinene as the reference com-
pound and for DMMP and DMEP with di-butyl ether as the

measured in either the7000 L Teflon chambéror the~4500
L Teflon bag inserted inside the evacuable chamber. In contrast,

reference compound were analogous to those shown for TEPthe rate constant ratiok/k, for di-n-butyl ether and 1,3,5-

in Figure 2, in that the data at 2282 K exhibited significantly

trimethylbenzene relative to those faerpinene obtained in the

more scatter than at298 K. Moreover, at 278 2 K decreases  evacuable chamber are in good agreement with rate constant
in the measured postreaction TEP and DEEP concentrations of 6%ratios measured using the Teflon chambers (Tables 1 and 2 and
and 11%, respectively, were observed in the dark over a periodFigure 4). The evacuable chamber contains numerous “O”-rings
of 49—55 min from replicate analyses (but not for DMMP or for attachment of flanges, the multiple reflection optical system,
DMEP), suggesting that wall losses of certain of the organophos-and the end-window assemblies, and it is possible that orga-
phorus compounds were occurring after initiation of the reac- nophosphorus compounds readily absorb into the “O”-ring
tions. In contrast to this behavior, replicate pre-reaction analysesmaterial®
for all compounds agreed to withig3%, as did replicate That rapid initial wall adsorption occurs after introducing TEP
postreaction analyses for experiments conducted288 K. into the evacuable chamber, with a subsequent slower wall loss
The rate constant ratiok/k, obtained from least-squares rate, was apparent from our previous room-temperature product
analyses of plots such as those shown in Figure3 are given study of the OH radical-initiated reaction of TEf the present
in Tables 1 (dir-butyl ether), 2 (1,3,5-trimethylbenzene and work, additional experiments to investigate wall adsorption/
TEP), 3 (DEMP and DEEP) and 4 (DMMP and DMEP), with  desorption were carried out at 303 and 344 K, with TEP, 1,3,5-
the chamber in which the reactions were carried out also beingtrimethyloenzene and-pinene 2.4 x 10 molecule cm?
noted. Table 5 also lists rate constant ratios for TEP versus 1,3,5-each) being introduced into the evacuable chamber in an
trimethylbenzene, DMEP versus DMMP and DEEP versus atmosphere of pure dry air and three replicate GC-FID analyses
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TABLE 3: Rate Constant Ratios ki/k, and Rate Constants TABLE 5: Rate Constant Ratios ki/k, Measured for TEP
ki (cm® molecule’? s1) Measured in This Laboratory for the versus 1,3,5-Trimethylbenzene, DMEP versus DMMP and
Reactions of OH Radicals with Diethyl Methylphosphonate DEEP versus DEMP in ~4500-7000 L Volume Teflon
(DEMP) and Diethyl Ethylphosphonate (DEEP), with Chambers
%-tll:':grsvri]seas the Reference Compound unless Noted testcompd _ ref compd _temp (K) K/ko ref
TEP 135-TMB 296+ 2 0.951+0.042 8

DEMP DEEP TEP 135-TMB 298+ 1 0.978+ 0.061 this work
temp (K) chamber  ka/ko® 10"° ka/ko” 10"° TEP 135-TMB 3202 0.811+0.016 this work
27842 A 1644021 952122 158:0.18 9.17+1.05 TEP 135-TMB 3472  0.735+0.039  this worR
296+ 2¢ B 1.14+ 007 6.02+0.37 1.22+0.068' 6.44+0.32 DMEP DMMP 298+2 1.42+0.03 this work
296+2¢ B de 5.61+ 0.3 d, e 6.46+ 0.46° DMEP DMMP 320+ 2 1.444+0.07 this work
298+ 2 A 1.02+0.06 5.33+0.32 1.03-0.06 5.38+0.32 DMEP DMMP 348+ 2 1.394+0.05 this work
303+ 2 C 0.872+0.033 f 0.856+ 0.054 f DEEP DEMP 2962  1.094+0.04 8
32042 A 0.8274+ 0.027 3.914+0.13 0.880+ 0.038 4.16+ 0.18 DEEP DEMP 208+ 2  1.04+ 0.03 this worl
3434+ 2 C 0.5594-0.029 f 0.5944- 0.054 f DEEP DEMP 320+ 2 1.06+ 0.02 this worle
34842 A 0.6564 0.047 2.78+ 0.20 0.726+ 0.042 3.07+ 0.18 DEEP DEMP 3482  1.10+ 0.03 this work

*A = ~A4500 L Teflon bag inside 5870 L evacuable chambet; B 2Indicated errors are two least-squares standard deviati@is-
~7000 L Teflon chamber; G= 5870 L evacuable, Teflon-coated  (ained from CHONO—NO—air irradiations of 1,3,5-trimethylbenzene

chamber? Indicated errors are two least-squares standard devlilations. + TEP+ o-pinene, DEMP+ DEEP+ o-pinene and DMMP- DMEP
¢Placed on an absolute basis by use&4ffi-pinene)= 1.21 x 10~ + di-n-butyl ether mixtures.

€*36T cm® molecule® s72.2 The indicated errors are the two least-squares
standard deviations and do not include the uncertainties in the rate 7
constantsk,, which are likely to be~410%. ¢ From Aschmann et &l.
¢1,3,5-Trimethylbenzene was used as the reference compound. The 6 [
measured rate constant ratieggDEMP)k, = 0.990 + 0.053 and %
ki(DEEP)k, = 1.14+ 0.08 are placed on an absolute basis by use of | 135-TMB
ka(1,3,5-trimethylbenzene¥ 5.67 x 107! cm® molecule! s™* at 296

K.2 fBecause of evidence for wall absorption of DEMP and DEEP
(compare with rate constant ratios at similar temperatures obtained in
the~7000 L Teflon chamber and the4500 L Teflon bag inserted in

the 5870 L evacuable chamber; see also text), the rate constants derived
from the rate constant ratios measured in this chamber system are
believed to be erroneously low and therefore are not cited here.

TABLE 4: Rate Constant Ratios ki/k, and Rate Constants
ki (cm?® molecule’? s1) Measured in This Laboratory for the
Reactions of OH Radicals with Dimethyl Methylphosphonate
(DMMP) and Dimethyl Ethylphosphonate (DMEP), with
Di-n-butyl Ether as the Reference Compound, unless Noted
Otherwise

10" x k (cm3 molecule™ 5'1)

Di-n-butyl ether

DMMP DMEP
temp (K) chamber  ky/k 1042, k/ke® 10t 15

26 2.8 3.0 3.2 3.4 3.6 3.8
278+ 2 A 0.714+ 0.045 22.8£1.5 0.909+ 0.068 29.14+2.2 1000/T (K)
296+ 2d B d 104+06" d 17.0+ 1.0¢
298+ 2 A 0.405+0.017 11.2:0.5 0.575+0.021 16.0+ 0.6 Figure 4. Arrhenius plot of rate constants for the reactions of OH
A
A

320+ 2 0.317+0.025 7.76+ 0.62 0.460+ 0.023 11.3£ 0.6 radicals with din-butyl ether and 1,3,5-trimethylbenzene (135-TMB).
348+ 2 0.255+0.014 551+ 0.31 0.356+0.013 7.69+0.29 Rate constants are fron®) ~4500 L Teflon bag inside evacuable
a A = ~4500 L Teflon bag inside 5870 L evacuable chamber: B chamber, relative to-pinene; ) 5870 L evacuable chamber, relative
; e TN : . 3
~7000 L Teflon chamber Indicated errors are two least-squares © &Pinene; &) ~7000 L Teflon chamber, relative w-pinene; (v)

o f ~6400 L Teflon chamber, relative to propene (for 135-TMBJy¥)
standard deviations.Placed on an absolute basis by use of the rate - .
constant expressiok(di-n-butyl ether)= 6.29 x 10133-/'-2 QL1641 oy ~7000 L Teflon chamber, relative to-decane (for din-butyl ether);

molecule® s 112 The indicated errors are the two least-squares standard &1d €F) absolute rate constants from Mellouki et&(263-372 K).
deviations and do not include the uncertainties in the rgte condtants The solid lines are, for_dn—butyl ether, the Mellouki et d{z'f.'t to their
which are likely to be~+10% (see text) From Aschmann et 4 data, and for 1,3,5-trimethylbenzene, an Arrhenius fit to our rate
n-Decane used as the reference compound and the measured ratgOnstants measured relative to thosedeginene.
constant ratios ok (DMMP)/k, = 0.951+ 0.052 andky(DMEP)k, =
1.56 4+ 0.09 are placed on an absolute basis using a rate constant ofare all two standard deviations. Assuming these data to be also
ko(n-decane)= 1.09 x 10°'* cm® molecule® st at 296 K214 applicable to a 50% reactive loss, then the rate constant for TEP
at 303 and 344 K would have been underestimated by 15
carried out. The chamber was then pumped down from the initial 17%. Clearly, reliable data could not be obtained for the
740-745 Torr to 376-375 Torr and back-filled to 740745 organophosphorus compounds using the 5870 L evacuable
Torr with pure air, and another three GC-FID analyses were chamber, and rate constakisare not listed for the TEP, DEMP
conducted. Though the 1,3,5-trimethylbenzerpihene con- or DEEP reactions conducted in the evacuable chamber in
centration ratio before and after pump-down and back-filling Tables 2 and 3. All further experiments to determine the
remained constant at both 303 K (with after/before ratios of temperature dependence of the OH radical reaction rate constants
1.01+ 0.02 and 1.0G+ 0.02 in two experiments) and 344 K with TEP, DEMP, DEEP, DMMP and DMEP were carried out
(an after/before ratio of 1.06t 0.02), the TERJ{-pinene in a ~4500 L Teflon bag inserted into the evacuable chamber
concentration ratio after the pump-down and back-filling (which therefore served merely as an oven that could be
increased over the initial concentration ratio by factors of 1.12 irradiated) and equipped with sampling, injection and thermo-
+ 0.10 and 1.1H- 0.08 in the two experiments at 303 K and couple ports and with a Teflon-coated fan to ensure mixing of
by a factor of 1.12+ 0.06 at 344 K, where the indicated errors the bag contents.
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TABLE 6: Arrhenius Parameters, k = A exp BT, and 298 K Rate Constants for the Reactions of OH Radicals with Dimethyl
Methylphosphonate (DMMP), Dimethyl Ethylphosphonate (DMEP), Diethyl Methylphosphonate (DEMP), Diethyl
Ethylphosphonate (DEEP), Triethyl Phosphate (TEP) and 1,3,5-Trimethylbenzene (135-TMB)

A (cn? 101%(298 K)
reactant molecule!s™?) B (K)2 (cm® molecule s74)
(CH;0),P(0)CH; (DMMP)? 8.00x 10714 —1470+ 132 1.1% 117
(CH30),P(0O)GHs (DMEPY 9.76x 10714 —15204+ 14 1.60 1.6
(C:Hs0),P(O)CH; (DEMP) 4.20x 10713 —1456+ 227 5.56 5.53
(C2Hs0):P(0)GHs (DEEPY 6.46x 10713 —13394 376 5.78 5.96'
(C:Hs0):PO (TEPY 4.29x 10713 —1428+ 219 5.17 5.25
1,3,5-trimethylbenzerie 4.40x 10°%2 —7384+ 176 5.24 5.49!

a|ndicated errors are two least-squares standard deviations. Estimated overall eBare ih400 K, except for 1,3,5-trimethylbenzene where
the estimated overall error iB is £300 K. From least-squares analysis of rate constants measured relative to those-fautgli-ether, using
ko(di-n-butyl ether)= 6.29 x 10718T2e164T cm® molecule* s71.12 ¢ Calculated from Arrhenius expression. Estimated overall uncertainties are
+12%, except for DEEP where the estimated overall uncertainty1i5%. 9 Average from rate constants at 29803 K listed in Tables 24,
correcting the rate constants at 296 and 303 K to 298 K using the temperature dependence listed in this table. Estimated overall uncertainties are
+12%, except for DEEP where the estimated overall uncertaintyli8%. ¢ From least-squares analysis of rate constants measured relative to
those fora-pinene, usinde(a-pinene)= 1.21 x 10-e*3¢T cm® molecule® s1.2

Acetaldehyde has been shown to be a minor product formedthe temperature-dependent absolute rate study of Mellouki et

from the reaction of OH radicals with TERyith a yield of 11
+ 2% at 296+ 2 K.8 Consecutive experiments at 2962 K
(~7000 L Teflon chamber) and at 3471 K (~4500 L Teflon

al. 2 Semadeni et dF have measured rate constants fondi-
butyl ether relative to those for 2,3-dimethylbutane and diethyl
ether over the temperature range 2853 K. Using recent

bag inside the evacuable chamber) were carried out to investigateecommendations for the rate constants for the reactions of OH
acetaldehyde formation at 347 K relative to that at 296 K. After radicals with 2,3-dimethylbutane and diethyl ethaver the
correction for secondary reaction of acetaldehyde with OH temperature range 2653 K the rate constants of Semadeni
radicals (using rate constants for TEP from this work and for et al1® with 2,3-dimethylbutane as the reference compound are
acetaldehyde from recent recommendatidfsand relative to within 9% of the Mellouki et al? rate expression except at 353
ayield at room temperature of 1186n acetaldehyde formation K where the Semadeni et Hlrate constant is 26% higher, and
yield at 347+ 1 K of 9.5% was obtained. with diethyl ether as the reference compound they aret10
10% higher than the Mellouki et &.rate expression. This good
agreement of our rate constants for the reaction of-distyl

As noted above, Tables-4 give the rate constant ratitg ether, relative to those zf?g-zglnene andn-decane, with the
ke, With k» being the rate constant for reaction of OH radicals available literature dafa?1>2% shows that the rate constants
with a-pinene, din-butyl ether om-decane. These rate constant W€ Use for the reactions of OH radicals wiikpinene, din-
ratios are placed on an absolute basis by use of rate constantfuty! ether and-decane are sglf-consstent to better than 10%
ks of ko(a-pinene)= 1.21 x 10-1e436T ¢ molecule® 12 at room temperature and, farpinene and dir-butyl ether, also
ka(di-n-butyl ether)= 6.29 x 10-18T2¢l164T ¢ molecule? ~ OVer the temperature range 27848 K.
s 1,12 andky(n-decane)= 1.10 x 10711 cm?® molecule! s™1 at 1,3,5-Trimethylbenzene Figure 4 also shows an Arrhenius
297 K214 The resu]ting rate constanks are given in Tables plot for the reaction of OH radicals with 1,3,5-trimethylbenzene.
1-4 and are discussed below. Our rate constants measured ahs evident from Figure 4 and Table 2, our present 298 K
temperatures 298 K are relative to eithes-pinene or din- rate constant, measured relative to that éopinene, is in
butyl ether (Tables 24), whereas those at 296 K included the reasonable agreement with our previous rate constants obtained
use of other reference compounds. To avoid introducing errors relative to propen€ and a-pinene? being ~10% lower. Our
into the derived temperature dependencies from the use ofPresentroom-temperature rate constant is also in agreement with
multiple reference compounds, we have therefore determinedother literature datd=2*and with the recommended 298 K rate
Arrhenius parameters using only rate constants measured withconstant for trimethylbenzef@' of (5.67+ 1.14) x 10~ cm?
a-pinene (for 1,3,5-trimethylbenzene, TEP, DEMP and DEEP) molecule™ s™%, which is based on the studies of Atkinson and
or di-n-butyl ether (for DMMP and DMEP) as the reference Aschmanf® and Kramp and Paulsdf Least-squares analysis
compound. of the rate constants determined in our present and prévious

Di-n-butyl Ether. Figure 4 shows an Arrhenius plot of the ~studies relative to those far-pinene results in the Arrhenius
absolute rate constants measured by Mellouki &t alier the parameters listed in Table 6 and shown as the solid line in Figure
temperature range 26372 K for the reaction of OH radicals
with di-n-butyl ether, together with their three-paramete?fit
and the present rate constants determined relativegmene
and (at 297+ 1 K) n-decane. Our relative rate data agree to absolute rate constants measured by Bohn ét aler the
within 9% with the Mellouki et al? rate expression. Further- temperature range 27841 K at 270-563 Torr of helium
more, the rate constants obtained here for the reaction of OHdiluent using a pulsed laser photolysis-resonance fluorescence
radicals with din-butyl ether at 297303 K of (2.71-2.99) x technique?® The rate constants of Bohn et %8P:24 exhibit
10" cm® molecule® s71 (Table 1) are in excellent agreement  Arrhenius behavior over the range 27320 K with a negative
with the other literature room-temperature rate constants (in unitstemperature dependence but decrease much more rapidly above
of 10711 cm® molecule’? s™) of 2.784 0.3616 2.68+ 0.32}7 320 K230:24The rapid decrease in measured rate constants above
2,724 0.0218 2.68 + 0.1218 3.23 £+ 0.101° 2.91 &+ 0.15° 320 K23b.24js due to back-decomposition of the Gltfimeth-
3.26+ 0.2%° and 3.05+ 0.088 where relative rate measure- ylbenzene addué® which would not occur under our condi-
ments have been reevaluated using the most recent recomtions where @ and NQ reactions with the OH1,3,5-
mendations for the reference compounds used. In addition totrimethylbenzene adduct dominate over the back-decom-

Discussion

R

The only other temperature-dependent rate data for the
reaction of OH radicals with 1,3,5-trimethylbenzene are the
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Figure 5. Arrhenius plot of rate constants for the reactions of OH
radicals with triethyl phosphate (TEP). Rate constants are flOjn (
~4500 L Teflon bag inside evacuable chamber, relative-mnene;
(a) ~7000 L Teflon chamber, relative ta-pinene? (v) ~7000 L
Teflon chamber, relative to 1,3,5-trimethylbenzérend @) ~6400

L Teflon chamber, relative to propefdhe solid line is an Arrhenius
fit to our rate constants over the temperature range—3dG K
measured relative to those forpinene, and the dashed line is an
extrapolation of this Arrhenius expression for temperatur@96 K.

position223v The rate expression given in Table 5 of Geiger et
al24 is k(1,3,5-trimethylbenzene}= (6.3 x 10716707 —
12e79400M) cm® molecule? s71 for the complete temperature
range studied, with the second term accounting for back-
decomposition of the OHtrimethylbenzene adduct (note that
the only published rate expression is that given in Table 5 of
Geiger et aP%. Therefore, our rate expression &f1,3,5-
trimethylbenzene¥ 4.40 x 10-1%738T cm® molecule s~ can

be compared t&(1,3,5-trimethylbenzene¥ 6.3 x 10128707

cm® molecule? s from the Bohn et at®24 study. The
agreement is good, with our rate constants being uniformly lower
by 11-15% over the temperature range 27320 K than those
calculated from the expressi#(i,3,5-trimethylbenzeney 6.3

x 107126570 ¢ molecule® s1.24 Our rate constants obtained
relative tooa-pinene (Table 2 and Figure 4) are equally well
fitted by the expressioi(1,3,5-trimethylbenzeney 5.27 x
10-14T/298) (2.73:0.53) c® molecule™? s~1 over the temperature
range 278-347 K, with the Arrhenius expression and the”

Aschmann et al.
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Figure 6. Arrhenius plot of rate constants for the reactions of OH
radicals with diethyl methylphosphonate (DEMP) and diethyl eth-
ylphosphonate (DEEP). Rate constants are from (open symbols are for
DEEP, filled symbols are for DEMPY), ®) ~4500 L Teflon bag inside
evacuable chamber, relative topinene; @, A) ~7000 L Teflon
chamber, relative ta-pinene? and ¢, v) ~7000 L Teflon chamber,
relative to 1,3,5-trimethylbenzeiélhe solid lines are Arrhenius fits

to our rate constants over the temperature range-348 K measured
relative to those fon-pinene, and the dashed lines are extrapolations
of these Arrhenius expressions for temperatur@96 K.
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expression giving rate constants that agree to within 1.6% over Figure 7. Arrhenius plot of rate constants for the reactions of OH

this temperature range.

TEP, DEMP, DEEP, DMMP and DMEP. The rate con-
stantsk for the reactions of OH radicals with TEP, DEMP,
DEEP, DMMP and DMEP obtained here and in our previous
studies are listed in Tables-2 and plotted in Arrhenius form
in Figures 5-7. For TEP, DMMP and DMEP, our present room-

radicals with dimethyl methylphosphonate (DMMP) and dimethyl
ethylphosphonate (DMEP). Rate constants are from (open symbols are
for DMMP, filled symbols are for DMEP) @, @) ~4500 L Teflon

bag inside evacuable chamber, relative toditityl ether and 4, a)
~7000 L Teflon chamber, relative to-decané? The solid lines are
Arrhenius fits to our rate constants over the temperature range 296
348 K measured relative to those forrdbutyl ether, and the dashed
lines are extrapolations of these Arrhenius expressions for temperatures

temperature rate constants measured relative to those forcogg k.

a-pinene (TEP) or di-butyl ether (DMMP and DMEP) are in
good agreement (to within 9% or better) with our previous rate
constants measured relative depinene? 1,3,5-trimethylben-
zené and propentin the case of TEP and relative nedecané®

for DMMP and DMEP. Although our present room-temperature
rate constant for DEMP relative to that farpinene is also in
good agreement (to within-511%) with our previous rate
constants measured relative depinene and 1,3,5-trimethyl-
benzené, our present 298t 2 K rate constant for DEEP is
17% lower that our previous 296 2 K rate constant$.This

certainty, although it is possible that wall adsorption/desorption
in the ~4500 L Teflon bag was occurring to some extent.

At 278 + 2 K, our rate data for DMMP, DMEP, DEMP,
DEEP and TEP all exhibit significantly higher scatter than at
the higher temperatures (and this is reflected in the associated
two least-squares standard deviations listed in Tabtet) 2nd
are significantly higher than predicted from extrapolation of the
higher temperature, 296848 K, data (shown as the dashed lines
in the Arrhenius plots in Figures-57). The reasons for this

discrepancy is outside of the expected experimental uncertaintiesbehavior are not presently known but could include wall losses,

and the reason(s) for this difference are not known with any

partitioning at the lower temperature to aerosol formed from
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reaction products, and/or reactions at the wall, noting that water butyl ether versus-decane and.-pinene (Table 1 and Figure
condensation on the outer surfaces of the Teflon bag occurred4) show that the recommended rate constant for the reaction of
in several of these subambient temperature experiments. Ar-OH radicals witha-pinené12 is consistent with the recom-
rhenius parameters for the reactions of OH radicals with DMMP, mended rate constants for the reactions of OH radicals with
DMEP, DEMP, DEEP and TEP were obtained from least- n-decane and, from a number of relative and absolute rate
squares analyses of the rate constants measured at temperaturetudies, with several otherC, alkanes:* This confirmation of
>296 K relative to those for-pinene (DEMP, DEEP and TEP, the room-temperature rate constantdepinene indicates, again
using our present and previduata) or din-butyl ether (DMMP from relative rate studies involving alken®£6-31 that the
and DMEP). The resulting Arrhenius parameters are listed in recommendetdroom-temperature rate constants for a series of
Table 6 and the Arrhenius fits are shown as the solid lines in simple alkenes, including propene, 1-butene, 2-methylpropene,
Figures 5-7. These are the first temperature-dependent datatrans2-butene, 2,3-dimethyl-2-butene and 1,3-butadiene, are

for these reactions to be reported.
Table 5 shows that our present rate constant r&djoEP)/
k(1,3,5-trimethylbenzene) andDEEP)k(DEMP) at 298+ 2

also reliable. In turn, a number of relative rate studies have used
propene®29:322-methylpropené! trans-2-butene’ 2,3-dimethyl-
2-butené®3442 and 1,3-butadier?é¢ to measure the room-

K are in excellent agreement (within 5%) with the rate constant temperature rate constant for the reaction of OH radicals with

ratios determined at 296 2 K in our previous room
temperature studyWithin the experimental uncertainties, the
rate constants ratidd DEEP)k(DEMP) andk(DMEP)/k(DM-

isoprene (2-methyl-1,3-butadiene). The rate constant for reaction
of OH radicals with isoprene resulting from these relative rate
studied®27.2%-42 js k(isoprene)= (1.02 4 0.07) x 1071° cm?®

MP) are both independent of temperature, with values of 1.07 molecule’® st at 296+ 3 K (where the uncertainty in the rate

+ 0.06 and 1.42= 0.06, respectively, over the temperature range

constant is two least-squares standard deviations), consistent

296—-348 K (the uncertainties are two standard deviations), and with the current IUPAC recommendati®nand with the

this is consistent with the very similar Arrhenius activation
energies for DEMP and DEEP and for DMMP and DMEP (see
Table 6) derived from the rate data relativedepinene and
listed in Tables 3 and 4.

The Arrhenius expressions given in Table 6 show that within
the experimental uncertainties the value8ah k = Ae 8T for
DMMP, DMEP, DEMP, DEEP and TEP are all similar, with
an average value & = —1440+ 140 K, where the uncertainty

recommended rate constants for a large number of alkanes and
alkenes®'4 The ~15% lower rate constant measured in the
recent extensive absolute rate studies of Campuzano-Jost et
al. 34 of (8.47 & 0.59) x 1071 cm® molecule* s* at 298

K,* would therefore require a downward revision of many, if
not most, OH radical reaction rate constants~5%. Given

the general consistency between relative rate studies and absolute
rate data for a large number of alkanes, alkenes, aromatic

is two standard deviations. Table 6 also shows that the 298 K hydrocarbons and oxygenates, such a downward revision of
rate constants calculated from the Arrhenius expressions agreeresently recommended OH radical reaction rate constants
to within 6% with the average of the measured room-temperature appears unwarranted and a 298 K rate constant for the reaction

rate constants listed in Tables 2, which include rate constants

of OH radicals with isoprene of (1.&= 0.1) x 10710 cm?

determined relative to reference compounds other than that usednolecule? s™1 is more likely.

to derive the Arrhenius parameters.

The magnitude of the rate constants for these reactions (Tables Acknowledgment. This work was supported by ENSCO,
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