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Atmospheric Gas-Phase Reactions of Selected Phosphorus-Containing Compounds
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The kinetics of the gas-phase reactions of phosphorus oxychloride [R[Qy@thylphosphonic dichloride
[CH3P(O)C], dimethyl phosphonate [(CID),P(O)H], and trimethyl phosphite [(GI)sP] with the OH radical

were measured at 298 2 K and 1 atm {740 Torr) of dry air by a relative rate method which employed the
photolysis of CHONO as the source of OH radicals and analysis of the reaction mixtures by in-situ Fourier
transform infrared (FT-IR) spectroscopy. The measured values of the OH radical reaction rate constants (cm
molecule! s71) are the following: P(O)G| < 4 x 10714 CH3;P(O)Ch, (6.4 2.1) x 1074 (CH30),P(O)H,

(5.08+ 0.53) x 10*% and (CHO);P, (7.14 0.9) x 10719, corresponding to estimated tropospheric lifetimes

of >290 days, 180 days, 2.3 days, and 0.016 day, respectively, for the reactions of these compounds with OH
radicals. In support of the OH radical rate constant measurement faQ)g the absolute rate constant for

the NG + (CH30)3P reaction was measured and determined to be43084) x 1078 cm?® molecule! st

at 298+ 2 K. The products of the reaction of dimethyl phosphonate with the OH radical and those of trimethyl
phosphite with the OH radical, NQand Q were investigated by FT-IR spectroscopy and atmospheric pressure
ionization mass spectrometry (API-MS).

Introduction SCHs8 (CHs0),P(0)SCH,8 (CHsS)P(O)OCH;® (CHzO)P-

.. (O)N(CH'g)z,g (CH3O)2P(S)N(CH;)2,9 (CH3O)2P(S)NHC|’§,9 and
Phosphorus-containing compounds such as alkyl and/or aryl (CH:0),P(S)NH? have been reported.

phosphates [(RQPO] and alkylphosphonates [(RBYO)R], In this work, we have measured rate constants for the

where R= aryl, alkyl, or H, are used as plasticizers, flame reactions of OH radicals with the four phosphorus-containing

retardants, and fire-resistant fluids and lubricants, and organo- :
’ ' compounds phosphorus oxychloride [P(Q]Cmethylphos-
phosphorus compounds of the structure (BQ) and (ROPS ;i dichioride [CHP(O)Ch]: dimethyl phosphonate [(CH

e e o o ang D (O], alSo caled imetyl prosphie: and ety
organic ghosg:horups intermediaR[es such asZ,H%ID)CI;,gRP- phosphgfe [(C_HOr)fP]. Th?se comfpm;}nds hare r(]aither used. as
(O)Xo, RP(S)%, (ROLP(O)Xs_a and (ROYP(S)X., Where intermediates in the manufacture of other phosphorus-containing
R = alkvl X = hal da = 1 21 Th f compounds and/or are representatives of classes of organophos-
aiyl, najogen, anda or & e use o phorus compounds for which no rate constant data are presently
phosphorus-containing compounds as intermediates or er'd'available. The products of the reaction of dimethyl phosphonate

PrtOdltJ.CtS lrles_,uI:ﬁ n the"f rele?s_z into It_het_atmos_phgre, te'ttrl]erwith OH radicals and of trimethyl phosphite with OH radicals,
intentionally in the case of pesticide application or inadvertently NO», and Q were also investigated.

in the case of chemical intermediates and flame retardants, etc.,
where they can react and undergo transport.

In the atmosphere, organic compounds present in the gas = ) )
phase can undergo photolysis (at wavelengtB80 nm in the Kinetic Studies. Rate constants for the gas-phase reactions
troposphere); reactions with OH radicals, N@dicals, and @ of the hydroxyl radical with the four selected phosphorus-
and wet and dry deposition (the later processes also beingontaining compounds (hereafter denoted P-compounds) were
important for particle-associated chemic&3) date, there are ~ Measured using a relative rate technique, in which the relative
relatively few data available concerning the atmospheric chem- disappearance rates of the P-compound and a reference com-
istry of phosphorus-containing compounds. Rate constants forPound, whose OH radical reaction rate constant is reliably
the potentially atmospherically important reactions of the OH known, were measured in the presence of OH radicals. Under
radical with the inorganic compounds phosphinghosphorus ~ these conditions,
tribromide? and phosphorus trichlorifiédnave been measured,
and rate constants for the reactions of OH and;Mélicals In([P]/IP1) = (k/ky) IN([R], /[R]) 0)
and Q with the organophosphorus compounds §OiPOS

(C2Hs0)sPO/ (CH:ORP(S)CI] (CHO)PS? (CHORP(S)-  where [P}, and [R], are the concentrations of the P-compound
and the reference compound, respectively, at tignéP]; and
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Atmospheric Gas-Phase Reactions of P-Compounds

Hence, a plot of In([RY[P];) against In([R{/[R]:) should be a
straight line with a slope oki/k; and zero intercept.

Experiments were carried out in an evacuable, Teflon-coated
5870 L chamber which is equipped with in situ multiple-
reflection optics interfaced to a Nicolet 7199 Fourier transform
infrared (FT-IR) spectrometer. Irradiation was provided by a
24 kW xenon arc lamp, with the light being passed through a
Pyrex filter to remove wavelengths 300 nm. Hydroxyl radicals
were generated by photolysis of methyl nitrite in &iwith NO
normally being added to the reactant mixture to suppress the
formation of @ and hence of N@radicals!®

The P-compound was introduced into a small Pyrex bulb
(fitted with stopcocks) either as a liquid, with the use of a
microliter syringe, or as weighed amount of solid. Due to the
known moisture sensitivity of the selected P-compounds, the

sample transfers were conducted under an atmosphere of

nitrogen. The bulb containing the sample was attached to a
chamber inlet and the sample was introduced into the chamber
as vapor by heating and flushing with heateg dés. Partial
pressures of CEODNO, NO, and the reference compound were
measured into calibrate2 L Pyrex bulbs with a 100-Torr MKS
Baratron sensor and were introduced by flushing withirito

the chamber. All rate constant determinations were conducted
in dry diluent air (synthetic mixture of 20% and 80% N,

<1% RH) at 298+ 2 K and 740 Torr total pressure.

Prior to irradiation, the dark decays of the P-compound and
the reference compound were monitored for periods of up to
40 min. Depending on the rate of reaction, the irradiations were
conducted for total periods ranging from 10 to 40 min. Infrared
spectra were recorded every 5 or 10 min prior to and during
the irradiation, but as often as every 2 min for the most reactive
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Figure 1. Vapor-phase infrared spectra of phosphorus oxychloride,
methylphosphonic dichloride, dimethyl phosphonate, and trimethyl

phosphite. All spectra are normalized to concentratiod.9 x 10'3
molecule cm3; path length= 62.9 m.

ions that are mass-analyzed are expected to be mainly protonated
molecules ([M+ H] ) and protonated homo- and hetero-dimers,
with the hydrated forms of these species also being obséfved.
Chemicals. The samples of phosphorus oxychloride [P(O)-
Clz] (99.999%), methylphosphonic dichloride [GP{O)Ch]
(98%), dimethyl phosphonate [(G8).P(O)H] (the chemical
catalog name is dimethyl phosphite) (98%), and trimethyl

system. T_he spectra were taken with 64 scans (c_orrespondinqohosphite [(CHO)P] (99.999+%) were from Aldrich. The
to a 2.0-min averaging time) per spectrum, a full-width-at-half- soyrces and purities of the other chemicals, including the

maximum resolution of 0.7 cm, and a path length of 62.9 m.

A limited number of relative rate experiments were also
carried out using the rapid reaction of hydrazine with ozone as
a nonphotolytic source of OH radicais!? In this technique,
excess @was present in the air mixture of the P-compound
and reference compound to which aliquots eHwere added
to the mixture. Total consumption of thelM, occurred within
3—5 min after injection and mixing, with the 0+ NxH4
reaction producing “ short-duration bursts” of OH radicdl¥?
These experiments are noted in the appropriate sections below

Product Studies.Experiments were carried out in the 5870
L chamber to investigate the products of the reactions of
dimethyl phosphonate and trimethyl phosphite with OH radicals,
with analysis by FT-IR absorption spectroscopy and with the
photolysis of CHONO—NO and (CH);CHONO—-NO® mix-
tures in air as sources of OH radicals. The product study for
trimethyl phosphite was extended to include its dark reactions
with Oz and NQ.

For the reactions of dimethyl phosphonate and trimethyl
phosphite with OH radicals, photolyses of P-compou@iHs-
ONO-—NO mixtures in purified air{5% RH) were also carried
outin a 7500 L Teflon chamber interfaced to a PE SCIEX API
Il MS/MS direct air sampling atmospheric pressure ionization
mass spectrometer (API-MS), with irradiation provided by two
parallel banks of blacklamps. The chamber contents were
sampled through a 25-mm diametef75-cm length Pyrex tube
at ~20 L min~! directly into the API-MS source. The positive
ion mode was used in the API-MS and API-MS/MS analy<es,
with protonated water hydrates §8/(H,O),]* generated by the

reference compounds used, were nitric oxie89.0%), nitrogen
dioxide (=99.5%), and dimethyl ether@9.8%), Matheson Gas
Products; tetramethylsilane (9%:%) and hydrazine (98%),
Aldrich; and cyclohexene (99%), Chemical Samples Company.

Methyl nitrite was prepared as described by Taylor €fal.
and stored under vacuum at 77 Kz i@ O, diluent was prepared
using a Welsbach T-408 ozone generator with calibrated settings
of voltage and flow of Q. Dry synthetic air was a mixture of
20% O (Puritan-Bennett Corp., 99.994%) and head gas from
liquid N, (BOC Gases). Corrections for the presence gdN
were made to the measured Naartial pressures (typically4.4
Torr in a 5-L bulb)16

Results

Kinetic Studies. Phosphorus Oxychloride, P(O)£ITwo
experiments were carried out using tetramethylsilane as the
reference compound, with initial concentrations (in units df*10
molecule cm?3) of P(O)Ck, 0.59-1.0; Si(CH)4, 0.49; and Ci#
ONO, 4.9. NO was not added to the reactant mixture in order
to maximize the OH radical concentrations during the irradia-
tions. The Q-branches of P(OYCAnd Si(CH), at 1323 and
869 cn1?, respectively, were employed for analysis. The distinct
band of P(O)G at 1323 cnit is shown in Figure 1, where the
strongest IR spectral features of the four P-compounds studied
are presented.

In each of the two experiments no detectable change in the
initial concentration of P(O)Glwas observed during a 40-min
period prior to irradiation, during the 34 or 43 min of irradiation,

corona discharge in the chamber diluent gas being responsibleor during the ensuing 40 min after photolysis. The reference

for the protonation of the analytes. The reactant and product

compound Si(Ch)4 showed an~25% decrease from its initial
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TABLE 1: Rate Constant Ratios ki/k, and Rate Constantsk; for th
Compounds at 298+ 2 K

Martin et al.

e Reactions of the OH Radical with Selected P-Containing

reference 102 x k;° estimated

P-compound compound ka/ko? (cm*moleculets™?) lifetime®
phosphorus oxychloride P(O)CI Si(CHs)s <0.038! < 0.04'¢ >290 days
methylphosphonic dichloride GR(O)Ck Si(CHg)4 0.075+ 0.023 0.064+ 0.02F 180 days
dimethyl phosphonate (G®).P(O)H (CH):0 1.794+ 0.06 5.08+ 0.53 2.3 days
trimethyl phosphite (CED)sP cyclohexene 10.%0.8 710+ 90" 0.016 day

@ Indicated errors are two least-squares standard deviations, unless

noted otHfeFafiakerrors given take into account the uncertainties of the

rate constantk. ¢ Calculated on the basis of a 24-h average OH radical concentratiorx dfCE molecule cm?. 1718 d Upper limit estimate (see
text). ¢ Placed on an absolute basis uskafPH + Si(CHs)4] = (8.5 + 0.9) x 10713 cn® molecule® s~ at 298 K!? fSee text. Two least-squares
standard deviations ar0.013.9 Placed on an absolute basis uskafoH + (CHs),0] = 2.84 x 1072 cm® molecule! s™* at 298 K° with an

estimated overall uncertainty @f10%2° "Placed on an absolute basis
K,2-22with an estimated overall uncertainty &f10%2°

concentration after 2223 min of irradiation, with a total loss

of ~28% for the entire irradiation periods. Although no reaction
of P(O)Ck was observed, an upper limit to the OH radical rate
constant for P(O)Gl can be estimated from the minimum
detectable change in its concentration. The interactive, subtrac-
tive comparison of the initial band intensity of P(O)@t 1323
cmt with those of the subsequent spectra indicated that a

concentration change of 0.5% was detectable. For an estimate

of an upper limit to the rate constakt, we assign an upper
limit of 1% consumption of P(O)GI (twice the minimum
detectable change) combined with a 25% consumption of the
reference Si(Ck)s. The upper limits to the rate constant ratio
ki/k, and the rate constak{ are given in Table 1.

In an attempt to obtain higher concentrations of OH radicals,
an experiment which employed the & N,H, reaction as the
source of OH radicals was carried out, with initial concentrations
(10" molecule cn3) of P(O)Ck, 0.59; Si(CH)4, 0.49; Q, 4.8;
and NHz, 1.2. No measurable losses of either P(Q)&! Si-
(CHg)4 were observed in their initial mixture with{Qluring a
40-min period. A 25% loss of the initial P(O)3vas observed
after NbH4 injection to the P(O)GFSi(CHg)4—O3 mixture,
together with an observed 9% loss of Si(§}HAs expected in
the presence of excesss3ON;Hs was rapidly and totally

uslafPH + cyclohexenel= 6.77 x 1071 cm?® molecule st at 298
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0.00 0.10 0.20 0.30

In{[Si(CH3)4]tO/[Si(CH3)4]‘}
Figure 2. Plot of eq I for the reactions of GR(O)CL and Si(CH)4

0.40

with the OH radical. The data plotted are from four separate experi-

ments.

consumed. However, the spectra showed no absorption bands

of H,O or H0O,, which are products of the O+ NyH4
reactiont! The observed loss of P(O)Cls attributed to its
reaction/condensation with28, H,O,, and most likely NHa,
instead of reaction with OH radicals generated from thetO

initial concentrations. The consumption of Si(§kfor the same
period amounted te-28% of the initial concentration, but for
each experiment~85% of the total amount of Si(Ci,
consumed occurred during the first 25 min of irradiation. Only

N2H, reaction. The appearance of broad, featureless bands inthe measurements within this 25-min photolysis period are
the IR spectrum of the reaction mixture was further indication included in the data analysis in order to minimize any influence
that condensation products were formed. Hence, this OH radicalof photolysis products on the consumption of {£0)Cb. For
genel’ation technique iS not Suited fOI’ the OH I’adical rate each experiment, the measured :Qw)clz Concentrations

constant measurement for P(O)CI

Methylphosphonic Dichloride, Gi#(O)Ck. Four experiments
were carried out using Si(Gh as the reference compound,
with initial concentrations (1% molecule crd) of CHzP(O)-
Cly, 1.2-1.7; Si(CHy)4, 0.73; and CHONO, 4.9. As in the
experiments with P(O)G| NO was not added to the initial
reactant mixtures. The absorption bands okR{)ChL and Si-
(CHz)4 with distinct Q-branches at 893 and 869 Threspec-
tively, were employed for analysis (see Figure 1).

The dark decays of CGIP(O)Chk and Si(CH)4 were monitored
for 40 min before and after irradiation. The concentration of
CH3P(O)Cb in the mixture of reactants decayed slowly prior
to the irradiation, with rates ranging from being immeasurable
during a 40-min period to an observed decay rate ob6 B4
min—1. The CHP(O)CL decay rate in the dark after irradiation
was in the range (5:68.0) x 1074 min~1. Si(CHg)4 exhibited
no measurable decay before or after the photolysis period.

The 40-min photolysis of CHP(O)Cb—Si(CHs)s—CH3;ONO—
air mixtures showed CHP(O)CL losses of only 3-4.5% of its

during the photolysis were corrected for losses using the decay
rate determined prior to irradiation. The data from four separate
experiments, corrected for GR(O)C} self-decay, are plotted
according to eq | in Figure 2. The rate constant raifk,
obtained from a least-squares analysis of these data is given in
Table 1 along with the rate constdnt Because the observed
small changes in the GJR(O)CL concentration are near the
measurement limit (differences in GP{O)CL concentrations
<0.25-0.50% could not be detected using FT-IR analysis), an
overall uncertainty of30% is assigned to the rate constant
ratio ki/k, (Table 1).

As in the case of P(O)glthe rapid dark reaction of hydrazine
with ozone, which yields higher “short bursts” of OH radi-
cals®12 and hence potentially higher incremental reactant
consumptions, was also used. It was likewise unsuccessful,
presumably due to the condensation of £tD)Ch with
hydrazine (also suggested by the occurrence of very broad,
structureless IR absorption bands), since;B{D)ChL has been
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Figure 3. Plot of eq | for the reactions of (C9),P(O)H and (CH),0 Figure 4. Plot of eq Il for the r_eaction of NQ_Nith (CH30)3P, where
with the OH radical. The data plotted are from two separate experi- A andB represent their respective concentrations. Data for two separate
ments ' experiments are plotted with initial concentrations (in units of10
' molecule cm?) of circles,Ap = 6.11 andB, = 5.88; diamondsA, =

. . . . 11.36 andB, = 5.54.
reported to undergo condensation reactions with aminoben-

zene$® and alcoholg? radical reaction experiments and to determine the rate constant
Dimethyl Phosphonate, (G@).,P(O)H. Two experiments  for an observed reaction between ({P and NQ. All

were carried out using dimethyl ether as the reference com-reactions were conducted at 2982 K and 740 Torr total

pound. The initial reactant concentrations employed (in units pressure of diluent air, except the B® (CHsO)sP experiments

of 10 molecule cm3) were (CHO)P(O)H, 1.1; (CH).0, 2.5; which employed mixtures of the reactants in NR spectra were

CH3ONO, 4.9; and NO, 151.8. The dark decays of (G):P- recorded every 5 min, with a 2.0-min averaging time per
(O)H and (CH).0 were monitored for 40 min before and after spectrum, during the (C3®)sP photolysis, dark decay, and
irradiation. The absorption bands of (§B),P(O)H and (CH),O reaction with NQ, while spectra were taken at intervals as short

at 987 and 1178 cni, respectively, were employed for analysis  as every 2.1 min during the OH radical rate constant measure-
(Figure 1). For an accurate analysis of these bands, it wasments. The absorption bands of (&J:P at 735 and 1037 ct#
necessary to subtract the absorption bands of unreactgd CH (Figure 1), of cyclohexene at 1140 cfpand of NQ at 1617
ONO and of other photooxidation products, i.e., HCHO, BNO  cm~! were employed for analysis.
and CHONGO; formed from CHONO and NO, and CEOCHO The decay rates of (G4®);P as measured in dry air for
formed from (CH),0.2! periods of up to 40 min at the beginning of the experiments
The concentration of (C¥D),P(O)H in the mixture of were negligible, beings2 x 1074 min~1. However, (CHO);P
reactants decayed slowly prior to and after irradiation, and thesewas observed to photolyze appreciably in air and to decay
dark decay rates were in the range (48%6) x 1074 min~L. significantly in its air mixture with CHONO and NO in the
The average of the (G48),P(O)H decay rates before and after dark. A photolysis rate for (CkD)sP of 2.2x 10-3 min~ was
irradiation was 5.5x 104 min~! in the first experiment and  measured over a 56-min irradiation period (initial concentration
5.0 x 10~*min~tin the second experiment carried out. (3@ of (CHz0)sP of 4.9x 103 molecule cm3) for the light intensity
exhibited no measurable dark decay before or after photolysis.employed in all experiments involving irradiation. The decay
The 40-min photolyses of (CG#),P(O)H—(CHz),0—CHs- of (CH3O)sP in its mixture with CHONO and NO in air was
ONO—NO-—air mixtures showed (C#D),P(O)H losses of found to be due to its reaction with the N@rmed from the
~26% of its initial concentration, while the consumption of thermal oxidation of NO in air. It was verified in separate
(CHs)20 for the same period amounted td5% of its initial experiments that (C¥D)sP did not react with CEDNO, NO
concentration. For each of the two experiments, the measured(conducted in N diluent), or gaseous HNQ
(CH30)P(O)H concentrations during the photolysis were cor-  The rate constarkyo, for the NG, 4+ (CH3O)3P reaction was
rected for losses due to self-decay using the average decay rategetermined from experiments where the time dependence of the
noted above. The combined data from the two irradiation concentrations of both reactants was measured. The data
experiments are plotted according to eq | in Figure 3. The effect obtained were plotted according to the integrated second-order
of the small corrections due to the (gB),P(O)H dark decays rate equation
on the value oky/k; was negligible. The rate constant rakig
ko and the rate constaki obtained are given in Table 1. [1/(Ag — By)] In[(BoA)/ (AgB)] = kyo t (1
Trimethyl Phosphite, (CkD)sP. Two experiments were
carried out to measure the OH radical reaction rate constant,whereA; andBy are the concentrations of N@nd (CHO)3P,
using cyclohexene as the reference compound. The initial respectively, at timdp and A; and B; are the corresponding
reactant concentrations @0molecule cm?) employed were concentrations at timd¢. Data from two experiments are
(CH30)3P, 0.62; cyclohexene, 4.9; GAINO, 2.5; and NO, 2.5. combined in the plot of eq Il shown in Figure 4. The experiment
Experiments were also carried out to measure the photolysisrepresented by the open circles involved ¢OhtP and NO in
rate of (CHO)3P in air at the light intensity used for the OH N diluent with subsequent addition of NOThe rate constant
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Figure 5. Plot of eq | for the reactions of (GI®)sP and cyclohexene
with the OH radical. The data plotted are from two separate experi-
ments.

for reaction of (CHO)sP with NO, obtained from least-squares
analysis of the data shown in Figure 4jg, = (3.8 + 0.4) x
10718 cm? molecule s71, with the quoted error being two least-
squares standard deviations.

The measured (C#D)sP photolysis rate and NQOreaction
rate constant were then used to correct the measureg(g
concentrations during the GBNO—NO-—air photolyses to
determine the OH radical rate constant. Cyclohexene, the
reference compound, showed no detectable losses in the rea
mixture prior to irradiation. Two experiments were carried ou

one employed continuous irradiation with spectra being recorded"@diation was 5

every 2.1 min over a total period of10 min; the second
employed intermittent photolyses of 2.0 min per irradiation, with
spectra being recorded during the intervening dark periods for
a total experiment time o£20 min. The spectral data collected
during the experiment with continuous irradiation were in the
form of interferograms, which were then converted to spectra
after the irradiation.

Corrections of the observed (GB)sP consumption at time
t due to reaction with N@ were calculated using the rate
constantkyo, determined here, the timé ¢ t) between two
spectral records, the (GB)sP concentration measuredtaand
the NG, concentration determined at the later tim&ince the
NO; concentration increased during the irradiation, therefore
during the periodt( — t) the corrections applied to take into
account reaction with NOwere upper-limit estimates. The
upper-limit contribution of photolysis to the (GB)sP loss
during the periodt( — t) was calculated from the (G@)sP
concentration af and the measured photolysis rate (see above).

Martin et al.

as source of OH radicdk'?was considered. However, (GBI)sP
was observed to react rapidly withsOn an experiment where
7.4 x 10" molecule cm® of O3 was added to an air mixture
containing 6.5x 103 molecule cm? of (CH30)sP, >97% of

the (CHO)P had reacted after a 2-min mixing time, corre-
sponding to a lower limit to the Oreaction rate constant of
>4 x 107 molecule! s~1. An attempt was also made to use
the photolysis of HO, as the OH radical source, but condensa-
tion of (CHsO)sP with either or both of KO, and HO (the
reagent being a 50:50 mixture) occurred prior to and during
irradiation, as indicated by the appearance of broad absorption
bands in the IR spectra of the reaction mixture.

Product Studies. Reactions of Trimethyl Phosphit&he
photolysis of (CHO)3P and its reactions with NCand G were
examined for any products formed and their yields. Trimethyl
phosphate [(CED)sPO] was the only product detected by FT-
IR analysis during photolysis, with a yield of & 9%. FT-IR
analysis showed that unit yields of (@Bl)sPO were formed
from (CH;O)3P during the (CHO)sP + NO, and (CHO)sP +
O3 reactions described above, with a 1:1 stoichiometry of
reactants in both cases.

Irradiation of (CHO);P—CH3;ONO—NO—air and (CHO)sP—
(CH3),CHONO—-NO-—air mixtures were carried out to identify
the products of the (C¥D)sP + OH reaction. Initial concentra-
tions (13“ molecule cm3) similar to those for the kinetic
experiments (less the reference compounds) were employed:
(CH30)3P, 0.63-0.74; NO, 2.5; and CEDNO, 2.5, or (CH).-
CHONO, 2.0. During a 65-min dark period, the initial (&B}sP—
CH3ONO—NO—air mixture was observed to form 17 103
molecule cm® of (CH30):PO, with a corresponding equal loss
of (CH3z0)sP, due to dark reaction with NOformed from

ctiofermal oxidation of NO. Upon photolysis, the consumption of
¢ the initial 4.6 x 10" molecule cm?® of (CH3O0)sP prior to

1% after 2 min and 89% after 5 min. Spectra
of products attributed to (C4D)sP were obtained after subtrac-
tion of absorptions by Ng HONO, HNG;, HCOOH, CH-
ONOg,, and HCHO (for the latter two, the corresponding bands
of (CH3),CHONO, and (CH),CO were subtracted in the
experiment where (C§CHONO photolysis was employed).
Figure 6A shows the product spectrum after 2 min of irradiation,
where (CHO)sPO is identified as the major product and its
concentration corrected for the amount formed prior to pho-
tolysis. HCHO was also observed as a product and was
measured quantitatively from the spectra recorded, using its
distinct 1745 cm? absorption peak (not illustrated), from the
photolysis of a (CHO)3;P—(CH3z)2,CHONO—-NO—air mixture.

The latter photolysis experiment consisted of five 1-min
irradiations, with spectra being recorded during the intervening
dark periods. The yields of (G&);PO were also monitored in
this experiment and combined with those from the irradiation
which employed CHONO photolysis as source of OH radicals.

It was verified from separate irradiations of (fCHONO—

No corrections were applied to the measured cyclohexene NO—air mixtures that the amounts of HCHO formed from

concentrations.

The combined data from the two irradiation experiments, with
corrections to the (C§D)sP concentrations, are plotted accord-
ing to eq | in Figure 5. The rate constant rakidk, and the rate
constantk; obtained are given in Table 1. Corrections for
photolysis and reaction with NQvere small, changing the slope
of the plot by~5% for the continuous irradiation experiment
and by~13% for the intermittent irradiation experiment.

Due to the observed photolysis of (gB)sP and its reaction
with NO; produced in the CEDNO—NO mixture, the use of
the relative rate technique employing theHY + O3 reaction

(CH3),CHONO at comparable time periods% min) were
negligible.

Figure 7 shows a plot of the amounts of (§}sPO and
HCHO formed against the amounts of (§})sP consumed by
reaction with OH radicals. The observed ({HPO and HCHO
concentrations were corrected for their reaction with OH rad-
icals> using OH radical reaction rate constants fenolecule™
s 1) of HCHO, 9.3 x 107131921 (CH;0)3PO, 7.4x 1071% 6
and (CHO)3P, 7.1x 10719 (this work). The corrections to the
HCHO and (CHO)sPO concentrations due to secondary reac-
tions with OH radicals were<2% and <4%, respectively.
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due to the additional (C¥D)sP + NO, reaction which occurred
during the intervening dark periods. A least-squares analysis
of the data shown in Figure 7 leads to formation yields of 0.48
=+ 0.05 for (CHO)3;PO and 0.29t 0.03 for HCHO, where the

0.50 4 * (CH,0),PO ]
1.24 x 10"

040 errors cited are the total of the two least-squares standard errors
and those arising from uncertainties in the FT-IR analyses of
8 030 4 reactant and products.
& Subtraction of the absorptions of (@B);PO from Figure
S (CH,0),P (?ZOH 6A revealed the presence of another product, as seen in Figure
§ 0.20 4 6:9x10 6B. The absorption features in Figure 6B are very similar to

those of a spectrum of dimethyl phosphate [¢OhP(O)OH]
shown in Figure 6C, the latter being derived from the spectrum
0.10 4 of a commercial sample after subtraction of absorptions by the
1 c identifiable impurities [analyzed as 22% by wt (gB);sPO and
M 1.2% by wt CHOH]. A subtractive comparison of the dimethyl
0.00 | D phosphate spectrum from the irradiation experiment (Figure 6B)
. . T with that from the commercial sample (Figure 6C) revealed
700 800 1100 1300 1500 another impurity in the commercial product with its strongest
Wavenumber (cm™) absorption band at 1062 crh(Figure 6D). The presence of
Figure 6. (A) Product spectrum from a (GI)sP—CHONO—NO— this ur)identified compon(_ant was also deduced from the time
air photolysis. (B) Residual spectrum from (A) after subtraction of P€havior of the commercial sample spectra as observed sepa-
absorptions by (CED);PO, showing mainly absorptions by (GB).P- rately in the chamber because of a difference between the decay
(O)OH. (C) Spectrum of a commercial sample of @CHHP(O)OH with rates of dimethyl phosphate-0.02 mint) and of the unknown
absorptions by (CkD)PO and CHOH impurities subtracted. (D)  component. No reliable calibration was obtained for dimethyl
b ey e oA ) PhoSphate ffom the commercial sample. A consideration o
(CH;0),P(O)OH. Numbers indicated are concentrations in molecule possible chemlcal_ mechanisms (cf. below) suggests that the
cm 3. See text for details. (CHz0),P(O)OH yield from (CHO)sP should be equal to the
yield of HCHO. When the latter was assumed as a basis of

3.5 calibration, the amount of (G40),P(O)OH initially in the vapor
phase corresponded to only about 9% by wt of the commercial
3.0 | sample introduced into the chamber.
Photolysis of an air mixture containing 1:2 103 molecule
25 | cm~3 each of (CHO);P, CHsONO, and NO was carried out in
the 7000-L Teflon chamber with API-MS analyses. The API-
- MS spectrum of trimethyl phosphite showed a strong protonated

parent peak, [M + H]* = 125 u. After addition of CHONO

and NO and prior to irradiation, a weak peak was observed at

265 u, corresponding to the protonated hetero-dimer{MVip;

+ H]*, where Mp; = 140 is the molecular weight of (GIO)s-

PO formed from the reaction of trimethyl phosphite with the

small amounts of N@formed from NO. Figure 8, top panel,

shows the API-MS spectrum of the (@B)sP—CH3;ONO—

NO—air mixture after two irradiations of 15-s duration each at

20% of maximum light intensity. A marked increase in the

—— intensity of the 265-u peak was observed during the irradiations.

00 10 20 30 40 50 60 70 In addition, ion peaks at 141, 235, 251, and 281 u were observed
[(CH,0),P] reacted, 10" molecule cm® (Figure 8) and API-MS/MS “product ion” spectra of these ion

peaks and that at 265 u were obtained. The API-MS/MS

Eg”;ﬁ;étz;?édhgls‘gﬁig fi'gﬁh{:agzggﬁh""(tgsgiggm:r'%ehzdczgom “product ion” spectra iEdicated that the 265- a+nd 281-uion peaks
concentrations were corrected for secondary reactions with the OH WEr€ [Mr + Mp1 + H]™ and [Mp1 + Mps + H] ¥, respectively,

radical; corrections for (CKD)sP reacted and (C)sPO formed from ~ and that the 235- and 251-u ion peaks could be (MMp; +
(CH30):P “photolysis” and (CHO)P + NO, reaction were applied H]™ and [Mp1 + Mp, + H]™, respectively, where M is a
(see text). molecular weight 110 product (although the 235- and 251-u
ion peaks could also be fragments of the 265- and 281-u ion
Corrections to the measured (gB)sPO concentrations to take  peaks).
into account formation from (C4D)sP photolysis and the Dimethyl Phosphonaté- OH. Irradiations of (CHO),P(O)H-
(CHz0)sP + NO; reaction were included and the equivalent CH,ONO-NO-—air and (CHO),P(O)H—(CHz),CHONO-NO—
corrections from these two processes were also applied to theajr mixtures were carried out, with initial concentrations(10
amounts of (CHO)sP consumed on the basis of a 1:1 yield of molecule cnm?): (CHz:0),P(O)H, 1.1; NO, 2.5; and C4DNO,
(CH30)3PO from (CHO)sP. The combined corrections due to 2.5, or (CH),CHONO, 2.0. Figures 9A9C are residual spectra
(CHz0)3P photolysis and (CkD)sP + NO, reaction amounted  which show weak absorption bands of products attributed to
to 0.4-7% of the (CHO)3P losses and-115% of the (CHO)s- dimethyl phosphonate (after subtraction of absorptions from a
PO formed, where the few data points with the higher correc- number of species as noted above for the case of trimethyl
tions occurred in the experiment with intermittent irradiation phosphite), formed after 4, 34, and 64 min during the irradiation

(CH,0),PO
15 |

HCHO
1.0 4

[Product],,., 10" molecule cm’®

0.5 -

0.0
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Figure 8. Top: API-MS spectrum of an irradiated (GBI)sP—CHs- Figure 10. Top: API-MS spectrum of an irradiated (G8I).P(O)H—

ONO—-NO-—air mixture. Bottom: Above spectrum with 20-fold ~CHsONO—NO —air mixture. Bottom: Above spectrum scale-expanded
ordinate expansion. after subtracting the spectrum of the initial mixture.

0.30 was 15%, which progressively decreased to 7% after 64 min of
irradiation (28% reaction).

(CH,0),P(O)OH No well-defined absorption bands in the=O stretch region
were observed that could be attributed to products of dimethyl
phosphonate. HCHO was observed during the photolysis of a
(CH30),P(O)H—(CH3),CHONO—NO air mixture, but the

0.20
amounts formed corresponded to the3® yield from (CH).-

§ E CHONO that was observed during the irradiation of air mixtures

= 5 of (CH3),CHONO—NO alone under the same light intensity and

5 duration of photolysis. Thus, the relatively minor amounts of

£ 010 J 1017 1071 1248 HCHO observed were attributed mainly or totally to formation

from (CHz),CHONO.
c Figure 10, top panel, shows the API-MS spectrum of an

”"M irradiated (CHO),P(O)H-CH;ONO—NO—air mixture, with
MM initial concentrations of 2.4< 10 molecule cm? of each
0.00 _MM reactant, after 5 min of photolysis at 20% of maximum light
' intensity. The ion peaks at 111, 221, and 349 u, which were
also the dominant peaks in the API-MS spectrum of the mixture

T v T v T v T T T
200 1000 1100 1200 1300

. before irradiation, are assigned to M- H]*, [Mp + Mp +
Wavenumber (cm”) H]*, and [Mp + Mp + Mp + H3O]*", where My = 110 is the
Figure 9. Product spectra from a (GB),P(O)H-CH;ONO—NO— molecular weight of dimethyl phosphonate. The peaks which

air photolysis after (A) 4 min, (B) 34 min, and (C) 64 min of iradiation. appeared at 317, 333, 347, 363, 443, and 473 u after irradiation,
The residual spectrum (D) resulted frorr_l a proportionate subtrapﬂon more clearly seen in Figure 10, bottom panel, after subtraction
of the (CHO)P(O)OH spectrum shown in (E). See text for details. o the jnitial peaks and scale expansion, are attributed to the

of a (CHO)P(O)H-CH;ONO—NO—air mixture and corre- formation of the pro.tonated hetero-dimers, -trimers, and -tet-
sponding to 3.5%, 21%, and 28% consumption, respectively, '&Mers, and are assigned t°:+317 Up[M Mp + Mpa + H]™;

of the initial dimethyl phosphonate. The absorption band at 1248 33:{’ U, [Mo + Mp1+ Mez + HI™; 347+U’ [Mo + Mp + Me2 +
cmt is consistent with the presence of &0 group, while 1173 363 u, [Mo I Mpz + Mpz + H]™; 443 u, [Mp + Mp +

the bands at 1017 and 1071 chare in the range associated MP+1 + Mpz + HJ™; and 473 u, [M + Mo T Mp2 T Me2 +

with the P-O—C group(s)?®2’ The development of the 1017 H]™, where My = 96 and M = 126. My, is consistent with
cm-* absorption lagged that of the 1071 chband in the early ~ the formation of dimethyl phosphate, a product suggested but
part of the reaction, indicating the formation of at least two not co.ncluswely |d_er_1'F|f|ed in the experiments with FT-IR
products. The product spectra in the early stage of the reactionan‘?‘lys's' The possibility that the ,F”OP'“CI Rith molecular
bear some similarity to the spectrum of dimethyl phosphate. Weight 96 is methyl phosphonate is discussed below.

Figure 9D shows the remaining absorption bands after subtrac-
tion from Figure 9C of the probable contribution from (€bj,P-
(O)OH (Figure 9E; from Figure 6B). Adopting the calibration Using the room-temperature rate constdatgiven in Table
for (CH30),P(O)OH obtained for the case of trimethyl phos- 1, the lifetimesr of the P-containing compounds studied in the
phite, the probable yield of (CiD),P(O)OH from dimethyl troposphere can be estimated from the expressierik)[OH]) 2,
phosphonate obtained after 4 min of irradiation (3.5% reaction) where [OH] is the hydroxyl radical concentration. Using a 24-h

Discussion
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average OH radical concentration ofx110° molecule cm?, SCHEME 1
17.18the calculated tropospheric lifetimes of these P-compounds  (CH:O)P CHOWP—OH
with respect to reaction with the OH radical are given in Table OH + (CH;0)3P ——»  (CH;0)3

1.
. e Oy
It is likely that the atmospheric lifetimes of these selected 02 l

P-compounds will be shorter (maybe appreciably shorter) than

the estimated gas-phase lifetimes due to reaction with OH 00 (CH30)3P=0 + HO,
radicals alone. The pure samples have varying affinities for (CH3O)3P<OH

reaction/condensation with water, with, for example, the solid
CH3P(O)C} being visibly deliquescent. As observed during the
experiments where thesG- NH,4 reaction and kO, photolysis
were attempted as alternative sources of OH radicals, these
P-compounds appear to undergo possible condensation with %) o) .
compounds bearing hydroxyl and amino groups. Since atmo- (CH30)3P<OH —_— (CH3O)2P<0H * CH0
spheric particulates are bound to possess entities with such 0,
functional groups, incorporation into aerosols (and subsequent

washout) along with wet deposition from the gas phase are

expected to be significant, additional removal pathways for these
P-compounds in the atmosphere. In the case o4, given SCHEME 2
its observed rapid reaction withzQonly a lower limit to the
rate constant for the £+ (CH3O)sP reaction was measured in
this study] and reaction with NQits atmospheric gas-phase
lifetime will be shorter than that calculated for reaction with

NO NO,

HCHO + HO,

H H
v ~
OH + (CH;30)P o T (CH3O)2P< (())H

the OH radical alone. For assumed ambient &d NQ o

concentrations of & 10 molecule cm? (30 ppb) and 2.4« 2

10 molecule cm® (1 ppb), respectively, the lifetimes of H
(CH30)3P due to reactions with £and NQ are calculated to CH3OP/=O + CH;O
be <1 h and 125 days, respectively, showing that under typical NoH
tropospheric conditions the N@eaction will be of no impor- 0 o
tance, while the @reaction could be important, especially at HO, + (CH301P oy 2
night HO, + HCHO

The reactions of triaryl and trialkyl phosphites, including
(CH30)3P, with Oy, O3, and NQ (or N,Oy) in the liquid phase
and/or in solution have been shown to give near quantitative
yields of trialkyl phosphate€:2° In dilute solutions the phos-
phite—ozone stoichiometry is 1.2 consistent with the stoichi-
ometry observed here for the gas-phase reactions ofQH (CH;0);P+ OH—
with Oz and NQ to form (CHO)3PO. The present data do not

could result in the formation of dimethyl phosphite initially in
its tervalent form, followed by rapid conversion to the energeti-
cally favored phosphonate form, dimethyl phosphonate:

give any indication of a mechanism other than effectively a (CH;0),P—OH + CH,O'

direct transfer of O atom to the trimethyl phosphite P atom to l

form (CHsO)sPO and @and NO, respectively, for the reactions (CH,0),PEO)H

with O3 and NQ. The observed acceleration of (gB)sP air

oxidation (<2 x 104 min~! to 2 x 1073 min~1) upon UV The possibility that dimethyl phosphate could also form from

irradiation in the present experiments has also been observedrimethyl phosphate by a direct displacement reaction was
for liquid samples of trialkyl phosphité8which was attributed ~ judged to be unimportant, since it was not observed during a
to formation of radicals (R@and RC) from organic impurities. ~ Previous product study of the (GB);PO + OH reactior?

Since trialkyl phosphites do not absorb significantly in the ~ The reaction of dimethyl phosphonate with the OH radical

actinic regiori? the observed enhanced air oxidation of ¢OlP could proceed via initial addition of the OH radical to the P
is consistent with the known formation of radicals from trace atom, followed by reaction with £xo form dimethyl phosphate
impurities in chambers during irradiation experimetits. and/or displacement of a methoxy group leading to the formation

of methyl phosphonate, as shown in Scheme 2. As noted above,
the observed yield of HCHO which would form from the
methoxy radical was not significant, suggesting that methyl
phosphonate was, at most, a minor product.

For the gas-phase reaction of trimethyl phosphite with the
OH radical, formation of an adduct is the likely initial step
toward formation of the observed major products, as shown in
Scheme 1. The experiments carried out with FT-IR and API- e . .
MS analyses shoer)d (GB)3PO to be the major product, but Th? FT-IR quantification of the trlm?)thyl phosph_me OH
the FT-IR detection and indication of appreciable amounts of reactlor} products accounts for 7E .6/0 of the. trimethyl
(CH30),P(O)OH formed (as equated to the observed HCHO phosphite reacted. The FT-IR analysis for the dimethyl phos-
yield) is not supported by API-MS analysis, which did not detect phona_ltef OH reaction is less definitive both qualitatively and
ion peaks associated with dimethyl phosphate. However, thequantltatlvely.

API-MS spectra indicated the possible formation of a species Note Added in Proof. After this work was completed, we

of molecular weight 110, most likely a minor product (which became aware of the study of Kleindienst and Smith (Chemical
is not detected in the runs with FT-IR analysis), and is believed Degradation in the Atmosphere, Final Report on the Atmo-
to be dimethyl phosphonate. Displacement of a methoxy group spheric Chemistry of Three Important Volatile Chemical Precur-
from trimethyl phosphite by OH radical attack on the P atom sors, Sub-Contract by ManTech Environmental Technology, Inc.
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to Contract No. F08635-93-C-0020 for the Armstrong Labora-

tory Environics Directorate, Tyndall AFB, FL, 1996). Rate

constants were measured, using a relative rate method with gas;
chromatographic analysis, for the reactions of OH radicals with

(CH30),P(0O)CH;, (CH50),P(0O)CH; and (CHO),P(O)H, with
rate constants (in units of & cm® molecule ! s™1) of 6.32+
0.29, 32.2+ 1.1, and 4.94+ 0.19, respectively. The rate
constant of Kleindienst and Smith for reaction of OH radicals
with (CH30),P(O)H, (4.94+ 0.19) x 10°12 cm® molecule?

Martin et al.

(10) Atkinson, R.; Carter, W. P. L.; Winer, A. M.; Pitts, J. N., Jr Air
Pollut. Control Assoc1981, 31, 1090.

(11) Tuazon, E. C.; Carter, W. P. L.; Atkinson, R.; Pitts, J. N.|adf.
Chem. Kinet1983 15, 619.

(12) Tuazon, E. C.; Aschmann, S. M.; Atkinson, Rrwiron. Sci.
Technol.200Q 34, 1970.

(13) Aschmann, S. M.; Martin, P.; Tuazon, E. C.; Arey, J.; Atkinson,
R. Environ. Sci. Technol2001, 35, 4080.

(14) Aschmann, S. M.; Chew, A. A.; Arey, J.; Atkinson, R.Phys.
Chem. A1997 101, 8042.

(15) Taylor, W. D.; Allston, T. D.; Moscato, M. J.; Fazekas, G. B;

s1, is in excellent agreement with the value measured here of Kozlowski, R.: Takacs, G. Alnt. J. Chem. Kinet198Q 12, 231.

(5.08 & 0.53) x 10712 cm® molecule* s71.

Acknowledgment. This work was supported by funds from
the Pacific Northwest National Laboratory (Contract No.
283369-A-G2). P. Martin gratefully acknowledges financial

support from the Spanish Ministerio de Educacion y Cultura.

References and Notes

(1) Toy, A. D. F,; Walsh, E. NPhosphorus Chemistry inJeryday
Living; American Chemical Society, Washington, DC, 1987; pp-1863
and 219-253.

(2) Atkinson, R.Atmos. Emiron. 200Q 34, 2063.

(3) Fritz, B.; Lorenz, K.; Steinert, W.; Zellner, R. Laboratory Kinetic
Investigations of the Tropospheric Oxidation of Selected Industrial Emis-
sions. InPhysico-Chemical Behar of Atmospheric Pollutan{$roceedings
of the Second European Symposium, Varese, ltaly, 29-Se@ct. 1981,
Versino, B., Ott, H., Eds.; D. Reidel Publishing Co.: Dordrecht, The
Netherlands, 1982; pp 19202.

(4) Jourdain, J. L.; Le Bras, G.; CombourieuJJPhys. Chenil982
86, 4170.

(5) Jourdain, J. L.; Laverdet, G.; Le Bras, G.; Combouried, Chim.
Phys.198Q 77, 809.

(6) Tuazon, E. C.; Atkinson, R.; Aschmann, S. M.; Arey, J.; Winer,
A. M.; Pitts, J. N., JrEnviron. Sci. Technol1986 20, 1043.

(7) Atkinson, R.; Aschmann, S. M.; Goodman, M. A.; Winer, A. M.
Int. J. Chem. Kinet1988 20, 273.

(8) Goodman, M. A.; Aschmann, S. M.; Atkinson, R.; Winer, A. M.
Arch. Erviron. Contam. Toxicol1988 17, 281.

(9) Goodman, M. A.; Aschmann, S. M.; Atkinson, R.; Winer, A. M.
Environ. Sci. Technol1988 22, 578

(16) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling Jet Propulsion Laboratory Publication 97-4, Pasadena, CA,
January 15, 1997; Evaluation 12, p 142.

(17) Prinn, R. G.; Weiss, R. F.; Miller, B. R.; Huang, J.; Alyea, F. N.;
Cunnold, D. M.; Fraser, P. J.; Hartley, D. E.; Simmonds, PSGience
1995 269, 187.

(18) Hein, R.; Crutzen, P. J.; Heimann, Blobal Biogeochem. Cycles
1997, 11, 43.

(19) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,
J. A,; Rossi, M. J.; Troe, Jl. Phys. Chem. Ref. Date999 28, 191.

(20) Kramp, F.; Paulson, S. H. Phys. Chem. A998 102, 2685.

(21) Atkinson, R.J. Phys. Chem. Ref. Datt994 Monograph 2 1.

(22) Atkinson, R.J. Phys. Chem. Ref. Date097, 26, 215.

(23) Neidlein, R.; Buseck, $elv. Chim. Actal992 75, 2520.

(24) Bibout, M. E. M.; Hannioui, A.; Peiffer, G.; Samat, A.; Pannell,
K. H. Synth. Commuril993 23, 2273.

(25) Atkinson, R.; Aschmann, S. M.; Carter, W. P. L.; Winer, A. M;
Pitts, J. N., JrJ. Phys. Chem1982 86, 4563.

(26) Pouchert, C. Jrhe Aldrich Library of Infrared Spectr&2nd ed.;
Milwaukee, WI, 1975; pp 483495.

(27) Pouchert, C. JThe Aldrich Library of FT-IR Spectralst ed.;
Milwaukee, WI, 1989; Vol. 3, pp 837847.

(28) Plumb, J. B.; Griffin, C. EJ. Org. Chem1963 28, 2908.

(29) Thompson, Q. EJ. Am. Chem. Sod.961, 83, 845.

(30) Standard Ultrasiolet Spectra Collection Sadtler Laboratories:
Philadelphia, 19751995. See, for example, Nos. 5865 and 28867.

(31) Ma, S.; Barnes, |.; Becker, K. HEnviron. Sci. Technol1998 32,
3515.



