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Disclaimer 
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Abstract 

Alkenes and aromatic hydrocarbons are important constituents of ambient air in polluted 
urban areas, and their atmospheric reactions in the presence of oxides of nitrogen lead to the 
formation of ozone and other manifestations of photochemical air pollution. During this 
Contract, the products and mechanisms of the gas-phase OH radical-initiated and 0 3 reactions 
of a series of alkenes and of the gas-phase OH radical- and N03 radical-initiated reactions of 
four two-ring aromatic hydrocarbons have been investigated. The two-ring aromatic 
hydrocarbons were studied because it was anticipated that their reaction products would be more 
amenable to analysis using conventional gas chromatographic techniques than would the 
corresponding products formed from the monocyclic aromatic hydrocarbons such as benzene, 
toluene and the xylenes; this was found to be the case. Experiments were carried out in 5800-
7900 liter volume Teflon or Teflon-coated chambers, and products were analyzed using gas 
chromatography with flame ionization detection, mass spectrometry, and Fourier transform 
infrared spectroscopy, by in situ Fourier transform infrared absorption spectroscopy, and by 
direct air sampling, atmospheric pressure ionization tandem mass spectrometry. The results of 
these experiments have better characterized the reactions in the atmosphere of simple alkenes 
and of aromatic hydrocarbons, and the reaction mechanisms determined in this study will be 
used in state-of-the-science detailed chemical mechanisms for the formation of ozone in urban 
and regional airshed models currently under development. 
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Executive Summary 

Background 

Alkenes and aromatic hydrocarbons are important constituents of ambient air in polluted 
urban areas, and their atmospheric reactions in the presence of oxides of nitrogen lead to the 
formation of ozone and other manifestations of photochemical air pollution. Despite some two 
decades of research by numerous groups throughout the world, there are still significant areas 
of uncertainty concerning the reactions in the atmosphere of alkenes and, especially, aromatic 
hydrocarbons. These uncertainties translate into uncertainties in the chemical mechanisms used 
in urban and regional air quality simulation models used to investigate optimum strategies for 
the control of ozone in these areas. During this Contract, the products and mechanisms of the 
gas-phase OH radical-initiated and 0 3 reactions of a series of alkenes and of the gas-phase OH 
radical- and N03 radical-initiated reactions of four two-ring aromatic hydrocarbons have been 
investigated. The two-ring aromatic hydrocarbons were studied because it was anticipated that 
their reaction products would be more amenable to analysis using conventional gas 
chromatographic techniques than would the corresponding products formed from the monocyclic 
aromatic hydrocarbons such as benzene, toluene and the xylenes; and this was found to be the 
case. 

Methods 

Experiments were carried out in 5800-7900 liter volume Teflon or Teflon-coated 
chambers, with irradiation provided by blacklamps or by a point source xenon arc, and products 
were analyzed using gas chromatography with flame ionization detection, mass spectrometry, 
and Fourier transform infrared spectroscopy, by in situ Fourier transform infrared (FT-IR) 
absorption spectroscopy, and by direct air sampling, atmospheric pressure ionization tandem 
mass spectrometry (API-MS). 

Results 

The results of these studies, discussed in Sections 2 through 6 in the report, have 
advanced our knowledge of the atmospheric reactions of alkenes and aromatic hydrocarbons. 

Alkene Chemistry. We have developed an improved method for determining the yields 
of OH radicals from the reactions of Di with alkenes, utilizing 2-butanol to scavenge OH 
radicals and determining the OH radical formation yields from the amounts of 2-butanone 
formed. We have shown that this more accurate technique agrees well with the results of 
previous studies from our laboratory using cyclohexane to scavenge OH radicals and deriving 
the OH radical formation yields from the amounts of cyclohexanone plus cyclohexanol formed 
(Atkinson et al., 1992; Atkinson and Aschmann, 1993). 
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Product studies of the reactions of 0 3 with a series of methyl-substituted ethenes shows 
that the sum of the primary carbonyls is unity (except where HCHO can be formed from 
secondary reactions of the biradical co-products), and a number of additional products (methane, 
methanol, ketene, glyoxal, CO and COJ were identified and quantified by in situ FfIR 
absorption spectroscopy. The yields of these products allows certain biradical decomposition 
pathways to be delineated. 

Product studies of the reactions of the OH radical with 2-methylpropene, cis-2-butene, 
2-methyl-2-butene and 2,3-dimethyl-2-butene in the presence of NO showed the formation of 
small amounts of organic nitrates from the R02 + NO reactions, and the carbonyl products 
formed and their formation yields showed that the intermediate /3-hydroxyalkoxy radicals 
undergo dominantly decomposition. API-MS analyses of the reacted mixtures showed no 
evidence for the formation of the {3-hydroxycarbonyls which would be formed from reactions 
of the intermediate /1-hydroxyalkoxy radicals with 0 2• In the absence of NO,, API-MS analyses 
indicated the formation of the products expected from the reactions of /3-hydroxyalkyl peroxy 
radicals with orgaruc peroxy radicals and H02 reactions (carbonyls, hydroxycarbonyls, 
dihydroxyalkanes and hydroxyhydroperoxides). 

Aromatic Chemistry. Identification and quantification of the products of the reactions of 
the OH radical with naphthalene, 1- and 2-methylnaphthalene and biphenyl in the presence of 
NO, showed that these reactions are analogous to the OH radical-initiated reactions of 
monocyclic aromatic hydrocarbons, in that a major reaction pathway(s) lead to the formation of 
ring-opened products. The formation of 2-formylcinnamaldehyde from naphthalene was 
observed in high ( - 35 % ) yield, together with a number of other ring-opened and ring-retaining 
products. Although most of the products from the methylnaphthalene and biphenyl reactions 
were not specifically identified, the reactions appear to be quite similar to that for naphthalene. 
The N03 radical-initiated reactions of naphthalene and 1- and 2-methylnaphthalene lead to the 
formation of nitronaphthalenes and methylnitronaphthalenes in significant ( -25-30%) yield. 
These product studies of two-ring polycyclic aromatic hydrocarbons reinforce recent product data 
obtained in our laboratories for the monocyclic aromatic hydrocarbons using API-MS analyses 
of reaction products. 

Conclusions 

The results of these experiments have better characterized the reactions in the atmosphere 
of simple alkenes and of aromatic hydrocarbons, and the reaction mechanisms determined in this 
study will be used in state-of-the-science detailed chemical mechanisms for the formation of 
ozone in urban and regional airshed models currently under development. 
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1. INTRODUCTION AND BACKGROUND TO THE PROJECT 

A large number of volatile non-methane organic compounds (NMOC) are emitted into 

the atmosphere from anthropogenic and biogenic sources. The estimated emissions of NMOC 

from anthropogenic and biogenic sources are of similar magnitude for the U.S.A., ~22 million 

tons per year for anthropogenic NMOC emissions versus ~29 million tons per year for biogenic 

NMOC (Lamb et al., 1993). Anthropogenic NMOCs are therefore expected to dominate over 

biogenic NMOCs in urban areas while the reverse is the case in non-urban and rural areas, and 

this is borne out by ambient atmospheric measurements (see, for example, Martin et al., 1991; 

Lurmann and Main, 1992; Montzska et al., 1993; Riemer et al., 1994). In urban areas the 

NMOCs are mainly comprised of alkanes, alkenes, aromatic hydrocarbons and carbonyl 

compounds (Lunnann and Main, 1992). 

In urban areas, the most abundant alkenes are typically ethene and propene from 

anthropogenic sources and the most abundant aromatic hydrocarbons are benzene, toluene and 

the xylenes (Lunnann and Main, 1992). In the Los Angeles air basin, the measured alkene and 

aromatic hydrocarbon concentrations account for ~ 10% and ~ 18%, respectively, of ambient 

NMOCs (with 15% being unidentified) (Lurmann and Main, 1992). The high reactivities of 

aromatic hydrocarbons and, especially, the alkenes with respect to ozone formation (Carter, 

1994) make these two classes of NMOC important in the formation of photochemical air 

pollution in urban and rural areas. 

Despite some two decades of research into the atmospheric chemistry of the alkenes and 

aromatic hydrocarbons, at the start of this program there were still significant discrepancies in 

our knowledge of the reaction mechanisms and products formed (Atkinson, 1994), and hence 

in the representation of these NMOCs in the chemical mechanisms used in urban airshed 

computer models (Carter, 1994). The atmospheric chemistry of the alkanes and aromatic 

hydrocarbons (including of2-ring polycyclic aromatic hydrocarbons) are briefly discussed below. 

More detailed discussions are given with each of the individual sections of the report, below. 
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Atmospheric Chemistry of Alkenes 

The atmospherically-important reactions of the alkenes are with OH radicals, N~ 

radicals and 0 3 (Atkinson, 1994), with the N03 reactions being important only during nighttime 

hours. 

Ozone Reactions. The reactions of alkenes with 0 3 proceed by initial addition of 0 3 to 

the >C =C < bond(s) to fonn an energy-rich primary ozonide which is then believed to 

decompose to form, in general, two sets of (carbonyl + biradical) products (Reaction Scheme 

1): 

,~- R1-9-T-R3 

R2 R. 

. . 
R1C(O)R2 + [R3~COOJ• 

Reaction Scheme 1 

The reactions of the initially energy-rich biradicals are not well understood, but are expected to 

include the following reactions (Reaction Scheme 2): 
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. . 
(R1CH2C(Rz)OO]• + M -- R1CHzC(R.2)00 + M 

PRODUCTS 

(including R1CH3 if R2 =H) 

Reaction Scheme 2 

0(3P) atom formation from acyclic alkenes and dienes has been shown to be insignificant 

(Atkinson et al., 1994a,b), although the direct formation of epoxides from the 0 3 reactions with 

the conjugated dienes 1,3-butadiene and isoprene has been observed in small yield ( -2-5%) 

(Atkinson et al., 1994a,b)]. However, OH radicals are formed from the gas-phase reactions of 

0 3 with alkenes (including isoprene, monoterpenes and sesquiterpenes), often in close to unit. 

yield (Atkinson et al., 1992, 1995a; Atkinson and Aschmann, 1993; Shu and Atkinson, 1994), 

and unless these OH radicals are scavenged the products observed are formed from both the OH 

radical and 0 3 reactions with the alkene. 

The reaction sequence shown above predicts that in the presence of an OH radical 

scavenger, the overall carbonyl yield (i.e., R1C(O)R2 + R3C(O)~) will be 100%. The 

measured yield of carbonyls can be > 100% if the biradicals decompose or react to form the 

same carbonyl products as formed from decomposition of the primary ozonide. This expectation 
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has been confirmed by recent product studies carried out in this laboratory (Atkinson et al., 

1995a) under our previous CRC-funded program, and more recently by Grosjean and co-workers 

(Grosjean and Grosjean, 1996a,b,c,d; Grosjean et al., 1996a,b). At the time that this program 

started, reliable product yield data in the presence of an OH radical scavenger had not been 

obtained for the reactions of 0 3 with simple methyl-substituted ethenes. 

OH Radical Reactions. The OH radical reactions with alkenes in the presence of NO, 

are postulated to proceed by the reaction scheme (Atkinson, 1994), taldng internal OH radical 

addition to 1-pentene as the example (Reaction Scheme 3): 

. 
CH3CH(OO)CH2CH(OH)CH20H 

NO+NOz 

CH3CH(O)CH2CH(OH)CH20H

!isomeriz.ation 

CH3CH(OH)CH2CH(OH)CHOH 

Reaction Scheme 3 

leading to either the carbonyls R1C(O)R2 + R3C(O)R. from the alkene R1R2C=CR3R,. or the fJ

hydroxycarbonyl (Atkinson, 1994). For alkenes with longer alkyl side-chains, alkoxy radical 
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isomerization also occurs, leading to dihydroxycarbonyls (Atkinson et al., 1995b; Kwok et al., 

1996a; Atkinson, 1997a,b). Among the simpler acyclic alkenes, carbonyl product data are 

available for ethene (Niki et al., 1981), propene (Niki et al., 1978), 1-butene (Atkinson et al., 

1985), trans-2-butene (Niki et al., 1978) and the C5-C8 1-alkenes and 2,3-dimethyl-l-butene 

(Atkinson et al., 1995b). However, no product data are available for the relatively simple 

alkenes cis-2-butene (although expected to be identical to trans-2-butene), 2-methylpropene, 2-

methyl-2-butene or 2,3-dimethyl-2-butene. 

Aromatic Hydrocarbons 

The aromatic hydrocarbons benzene and the alkyl-substituted benzenes and the simple 

polycyclic aromatic hydrocarbons (PAH) [such as naphthalene, biphenyl, and 1- and 2-methyl

naphthalene] react with OH radicals and N03 radicals in the atmosphere (Atkinson, 1989, 1991, 

1994; Atkinson and Arey, 1994). The OH radical reaction is calculated to dominate as the 

tropospheric loss process for the monocyclic and most of the polycyclic aromatic hydrocarbons 

(Arey et al., 1989; Atkinson, 1994; Atkinson and Arey, 1994). The OH radical and N03 radical 

reactions proceed by two pathways: initial OH radical or N03 radical addition to the aromatic 

ring(s) to form an OH-aromatic or N03-aromatic adduct, and H-atom abstraction from the alkyl

substituent groups. The initial reaction pathways are shown in Reaction Scheme 4 below for the 

OH radical reaction with toluene. 

. 

0 
OH+ 0 

M 

Reaction Scheme 4 
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The initial addition of OH radicals and, especially, NO3 radicals to the aromatic ring{s) is 

reversible. For the OH radical reactions, at and below room temperature the OH-aromatic 

adducts are effectively thermally "stable" (Atkinson, 1989, 1994), while the NO3-aromatic 

adducts thermally decompose back to reactants rapidly (Atkinson, 1991). 

For the monocyclic aromatic hydrocarbons (for example, toluene and the xylenes), the 

only observable pathway for the NO3 radical reactions is via the H-atom abstraction pathway 

leading to the formation of the benzyl radical from toluene and the methylbenzyl radicals from 

the xylenes. The H-atom abstraction channel is minor for the OH radical reactions, accounting 

for :5; 10% of the overall OH radical reaction (Atkinson, 1989, 1994). The major reaction 

pathway for the OH radical reactions therefore involves the formation of the 

hydroxycyclohexadienyl-type radicals (Atkinson, 1989, 1994), which then react with 0 2 or NO2 

(Knispel et al., 1990; Atkinson and Aschmann, 1994; Atkinson, 1994). Kinetic (Knispel et al., 

1990) and product (Atkinson and Aschmann, 1994) studies show that the hydroxycyclohexadienyl 

radicals formed from OH radical addition to benzene, toluene and the xylenes react 

predominantly with 0 2 in the atmosphere, with a rate constant ratio of ko/kN02 ~ 1 x 10-5 at 298 

K (where ko2 and kN02 are the rate constants for the reactions of the adduct with Ci and NO2, 

respectively). It should be noted, however, that in laboratory product studies carried out at 

elevated NO. concentrations reaction of the hydroxycyclohexadienyl radical with NOi can be 

important or indeed dominant, possibly leading to product distributions and yields which differ 

from those in the atmosphere. In contrast, we have shown that for the reactions of 0 2 and NO2 

with the nitrooxycyclohexadienyl radical formed from NO3 radical addition to naphthalene, 

ko2/k:N02 <4 x 10-1 (Atkinson et al., 1994c). The radical adducts formed from the PAH 

therefore appear more likely to react with NOi under tropospheric conditions than those formed 

from the monocyclic aromatics, explaining the observed formation of nitro-PAH in the 

atmosphere (Atkinson and Arey, 1994). 

At the present time, we have a good understanding of the rate constants and reaction 

mechanisms of the initial OH radical (and N~ radical) reactions with aromatic hydrocarbons 

(Atkinson, 1989, 1991, 1994;AtkinsonandArey, 1994). Furthermore, thereactionmechanisms 

and products formed after the H-atom abstraction channel from the alkyl substituent groups are 

understood, at least in the presence of NO (Atkinson, 1994). However, while rate constants (or 
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rate constant ratios) for the reactions of the hydroxycyclohexadienyl and methyl-substituted 

hydroxycyclohexadienyl radicals with 0 2 and N02 are now available (Knispel et al., 1990; 

Atkinson and Aschmann, 1994; Atkinson, 1994), the detailed reaction mechanisms and products 

of these reactions are presently not known. Furthermore, there is still an incomplete knowledge 

of the products formed from the atmospheric OH radical-initiated reactions of benzene and the 

alkyl-substituted benzenes, with typically ~ 50% of the carbon being accounted for (Atkinson, 

1994). While it is possible that the "missing" products are dicarbonyls and/or di- or multi

functional compounds (Dumdei and O'Brien, 1984) [as we have recently observed from the OH 

radical reactions with the three xylene isomers (xylenes, xylenes~ and xylenes-d11J using 

atmospheric pressure ionization tandem mass spectrometry], present analytical methods do not 

appear suitable for quantifying these compounds. 

To answer several of the uncertainties noted above, during this two-year experimental 

study we used in situ FT-IR absorption spectroscopy and direct air sampling with atmospheric 

pressure ionization mass spectrometry (API-MS) in conjunction with chromatographic techniques 

(HPLC, GC-FID, GC-FTIR and GC-MS) to study selected aspects of the atmospheric chemistry 

of alkenes and aromatic hydrocarbons. Two cooperative and integrated experimental programs 

were carried out; one supported by the California Air Resources Board and the other by the 

Coordinating Research Council, Inc. The objectives of these two combined programs were: 

• To investigate the products of the gas-phase reactions of 0 3 with propene, 2-

methylpropene, cis-2-butene, trans-2-butene, 2-methyl-2-buteneand 2,3-dimethyl-

2-butene in the presence of sufficient cyclohexane (or other alkane) to scavenge 

the OH radicals formed. The 2-methylpropene, trans-2-butene and 2,3-dimethyl-

2-butene reactions were studied under this CARB contract. 

• To investigate the products of the gas-phase reactions of the OH radical (in the 

presence of NOJ with cis-2-butene, 2-methylpropene, 2-methyl-2-butene and 2,3-

dimethyl-2-butene to determine the reaction products and the reaction pathways 

of the intermediate /3-hydroxyalkoxy radicals under atmospheric conditions. The 

SCIEX API MS/MS instrument was also used to study the products formed from 
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the reactions of OH radicals with these alkenes in the absence of NO,. The cis-2-

butene and 2,3-dimethyl-2-butene reactions were studied in this CARB contract. 

• To investigate the products formed from the gas-phase reactions of OH radicals, 

in the presence of NO., and NO3 radicals with biphenyl [the OH radical reaction 

only since no reaction with the NO3 radical has been observed (Atkinson, 1991)), 

naphthalene, 1- and 2-methylnaphthalene, acenaphthene and acenaphthylene. The 

data obtained from these studies was expected to provide product identification 

data which will be applicable to the monocyclic aromatic hydrocarbons and allow 

the products formed from their reactions to be predicted and targeted for analysis. 

Naphthalene was studied in detail under this CARB contract. 

The experimental methods used and the data obtained are discussed in the following five 

sections. For completeness and to allow for a more meaningful discussion of the data obtained, 

the studies carried out under the complementary program funded by the Coordinating Research 

Council, Inc., are included in their entirety. 
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2. OH RADICAL FORMATION YIELDS FROM THE REACTIONS 
OF 0 3 WITH ALKENES 

Introduction 

It is now recognized that the gas-phase reactions of 0 3 with alkenes, including with 

isoprene, monoterpenes, sesquiterpenes and oxygenates emitted from vegetation, lead to the 

formation of hydroxyl (OH) radicals (Niki et al., 1987; Paulson et al., 1992a; Atkinson et al., 

1992, 1995a,c; Paulson and Seinfeld, 1992; Atkinson and Aschmann, 1993; Shu and Atkinson, 

1994; Aschmann et al., 1996). The formation of OH radicals from these 0 3 reactions with 

alkenes is potentially a dark nighttime source of OH radicals (Hu and Stedman, 1995), which 

then initiate the oxidation of other volatile organic compounds present. 

However, accurate measurements of OH radical formation yields from these 0 3 reactions 

are difficult. Niki et al. (1987) derived the OH radical formation yield from the reaction of~ 

with the symmetrical al.kene 2,3-dimethyl-2-butene from a comprehensive product study, and 

specifically from the measured stoichiometry of (A[2,3-dimethyl-2-butene]/A[0_i]) = 1. 7 and the 

observation that addition of formaldehyde scavenged the stabilized (CH3) 2C06 biradical to form 

the secondary ozonide in 28-30% yield. More recent OH radical formation yield measurements 

have used a tracer compound to measure the OH radical concentrations during the reactions in 

conjunction with computer modeling of the reaction systems (Paulson et al., 1992a; Paulson and 

Seinfeld, 1992) or have used cyclohexane to scavenge > 90-95 % of the OH radicals formed and 

monitored the cyclohexanone and cyclohexanol formed from the OH radical reaction with 

cyclohexane (Atkinson et al., 1992, 1995a,c; Atkinson and Aschmann, 1993; Shu and Atkinson, 

1994; Aschmann et al., 1996). Both of these methods have problems. 

Toe use of a tracer compound to measure the OH radical concentration requires a tracer 

which is reactive towards OH radicals but which does not react with ~. together with a 

knowledge of all of the OH radical loss processes in reacting 0 3 - al.kene - tracer - air mixtures. 

This necessitates a quantitative understanding of the products of the reactions of ~ and OH 

radicals with the al.kene and potentially also of the reactions of the OH radical with the products 

of these OH radical and 0 3 reactions. 

Toe use of cyclohexane to scavenge OH radicals assumes that the cyclohexanone plus 

cyclohexanol formation yield from the reaction of the OH radical with cyclohexane in the 
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absence of NO is both known and is a constant for all 0 3 - organic reactions. However, as 

discussed previously (Atkinson et al., 1992; Atkinson and Aschmann, 1993), the reactions of 

the cyclohexyl peroxy radicals fonned after 0 2 addition to the cyclohexyl radicals produced in 

the reaction of OH radicals with cyclohexane are complex, 

CJ{110 2 + R02 -+ a cyclohexanone + (1-a) cyclohexanol + R62 products + 0 2 (la) 

CJ{11 0 + 0 2 -+ cyclohexanone + H02 (3) 

CJ{110 -+ isomerization and/or decomposition products (4) 

with k3[0i)/(k3[0i) + ~) = 0.42 ± 0.05 at 296 ± 2 K and 740 Torr total pressure of air 

(Atkinson et al., 1992) and where R62 can be the cyclohexyl peroxy radical or other organic 

peroxy radicals. Thus the fonnation of cyclohexanone and cyclohexanol from the cyclohexyl 

peroxy radical arises from reaction (la), and/or reaction (lb) followed by reaction (3). The 

occurrence of reactions (2) and (4) results in a less than unit yield of cyclohexanone plus 

cyclohexanol from the OH radical reaction with cyclohexane in reacting - alkene -0 3 

cyclohexane - air mixtures (Atkinson et al., 1992; Atkinson and Aschmann, 1993). 

Furthermore, the yield of cyclohexanone plus cyclohexanol from the reaction of the OH radical 

with cyclohexane in such reaction systems is expected to depend on the identities and relative 

concentrations of the various organic peroxy radicals present as well as on the relative 

concentrations of H02 and R02 radicals, and hence the yields of cyclohexanone plus 

cyclohexanol are expected, a priori, to be dependent on the specific reaction system. There is 

evidence that this is indeed the case, with Rowley et al. (1991) measuring a formation yield of 

cyclohexanone plus cyclohexanol of 0.67 ± 0.04 in irradiated Cl2 - cyclohexane - N2 (550 Torr) 

- 0 2 (150 Torr) mixtures at 295 ± 2 K while Atkinson et al. (1992) and Atkinson and 



Aschmann (1993) have measured formation yields of cyclohexanone plus cyclohexanol from the 

reaction of the OH radical with cyclohexane in reacting 0 3 - alkene - cyclohexane - air mixtures 

at 296 ± 2 K of 0.55 ± 0.09 and 0.50 ± 0.07, respectively. 

We have explored another scavenger for OH radicals which leads to the formation of a 

readily measured product formed with a yield which is invariant of the specific reaction system 

investigated. Specifically, we investigated the use of 2-butanol to scavenge OH radicals. The 

OH radical reaction with 2-butanol is expected to proceed mainly by H-atom abstraction from 

the tertiary C-H bond (Carter et al., 1979; Atkinson, 1994; Kwok and Atkinson, 1995), 

followed by reaction of the a-hydroxyalkyl radical CHi:(OH)CH2CH3 with 0 2 to form 2-

butanone (Carter et al., 1979; Atkinson, 1994). 

(5) 

(6) 

We measured the formation yield of 2-butanone from the OH radical reaction with 2-

butanol and, because no measurements of the rate constant for the reaction of the OH radical 

with 2-butanol have been reported to date, we have determined the rate constant for this 

reaction. The use of 2-butanol to scavenge OH radicals in the gas-phase reactions of~ has then 

been used in the reactions of 0 3 with 2,3-dirnethyl-2-butene, 2-methyl-2-butene, a-pinene and 

sabinene, with the OH radical formation yields being obtained from the amounts of 2-butanone 

formed. 

Experimental 

All experiments were carried out in a 7900 liter Teflon chamber equipped with two 

parallel banks of blacklamps and a Teflon-coated fan to ensure rapid mixing of reactants during 

their introduction into the chamber. 
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Kinetics and Products of the Reactions of OH Radicals with 2-Butanol 

The rate constant for the gas-phase reaction of the OH radical with 2-butanol was 

measured using a relative rate method (Atkinson et al., 1981, 1995c), in which the relative 

disappearance rates of 2-butanol and cyclohexane (the reference organic) were measured in the 

presence of OH radicals. Provided that the 2-butanol and cyclohexane were removed from the 

gas phase only by reaction with OH radicals, then, 

[2-butano[J, l le., {[cyclohexane], l (I) 
ln { [2-butanolj: - kg ln [cyclohexane]: 

where [2-butanol].., and [cyclohexane].., are the concentrations of 2-butanol and cyclohexane at 

timer.,, [2-butanol]. and [cyclohexane]. are the corresponding concentrations at time t, and k7 and 

k8 are the rate constants for reactions (7) and (8), respectively. 

OH + 2-butanol -+ products (7) 

OH + cyclohexane -+ products (8) 

A plot of ln([2-butanol)..,/[2-butanol].) against ln([cyclohexane]..,t[cyclohexane].) should therefore 

be a straight line with slope of k/k8 and zero intercept. The formation of 2-butanone from the 

reaction of the OH radical with 2-butanol was measured in similar experiments in the absence 

of cyclohexane. 

OH radicals were generated by the photolysis of methyl nitrite (CH3ONO) in air at 

wavelengths >300 nm, and NO was added to the reactant mixture to suppress the formation of 

and radicals (Atkinson et al., 1981). The initial reactant concentrations in these0 3 NO3 

irradiations of CH3ONO - NO - 2-butanol - cyclohexane - air and CH3ONO - NO - 2-butanol -

air mixtures were (in molecule cm·3 units): CH3ONO, ~2.4 x 1014
; NO, ~2.4 x 1014; 2-

butanol, (2.21-2.67) x 1013 
; cyclohexane (when present), ~2.4 x 1013 

; and irradiations were 

carried out resulting in up to 42-50% consumption of the initially present 2-butanol. 

The concentrations of 2-butanol, cyclohexane and 2-butanone were measured during the 

experiments by gas chromatography with flame ionization detection (GC-FID). Cyclohexane 

12 

https://2.21-2.67


was analyzed using a 30 m DB-5 megabore column as described previously (Atkinson and 

Aschmann, 1993). For the analyses of 2-butanol and 2-butanone, 100 cm3 volume gas samples 

were collected from the chamber onto Tenax-TA solid adsorbent, with subsequent thermal 

desorption at -225 "C onto a 30 m DB-1701 megabore column held at 

-20 "C and then temperature programmed to 200 °C at 8 "C min-1• 

Fonnation Yields of OH Radicals from the Reactions of 0 1 with Alkenes 

The amounts of 2-butanone formed in the reactions of 0 3 with alkenes were measured 

in the presence of sufficient 2-butanol to scavenge ~ 95 % of any OH radicals formed from the 

radical reaction with the alkene. The initial reactant concentrations were (in molecule cm-30 3 

units): alkene, (2.55-5.59) x 1013
; 2-butanol, -1.2 x 1016

; and 5 additions of 50 cm3 volume 

of 0 3 in 0 2 diluent (each 0/02 addition corresponding to an initial concentration of 0 3 in the 

chamber of - 6 x 1012 molecule cm·3
) were made to the chamber during an experiment. The 

concentrations of 2-butanone, a-pinene and sabinene were measured during the experiments by 

GC-FID as described above for the analyses of 2-butanone. The DB-1701 column provided 

complete separation between the 2-butanone formed ( ~ 3.0 x 1013 molecule cm·3
) and 2-butanol, 

even at the 2-butanol concentrations of -1.2 x 1016 molecule cm·3 used in these experiments. 

2-Methyl-2-butene and 2,3-dimethyl-2-butene were analyzed using the 30 m DB-5 megabore 

column as described previously (Atkinson and Aschmann, 1993). 

Chemicals 

The chemicals used, and their stated purities, were: cyclohexane (high-purity solvent 

grade), American Burdick and Jackson; 2-butanol (99.5%), 2-butanone (99+ %), 2,3-dimethyl-

2-butene (99+ %), 2-methyl-2-butene (99+ %), a-pinene (99+ %), and sabinene (99%), Aldrich 

Chemical Company; and NO (~99.0%), Matheson Gas Products. Methyl nitrite was prepared 

and stored as described previously (Atkinson et al., 1981), and 0 3 in 0 2 diluent was prepared 

as needed using a Welsbach T-408 ozone generator. 
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Results and Discussion 

Rate Constant for the Reaction of the OH Radical with 2-Butanol 

The data obtained from irradiated CH3ONO - NO - 2-butanol - cyclohexane - air mixtures 

are plotted in accordance with Equation (I) in Figure 1. A least-squares analysis of these data 

leads to the rate constant ratio k7'k8 = 1.24 ± 0.07, where the indicated error is two least

squares standard deviations. Using a rate constant k8 for the reaction of the OH radical with 

cyclohexane at 296 K of 7.45 x 10-12 cm3 molecu(e-1 s-1 (±25%) (Atkinson, 1989, 1994) results 

in a rate constant of 

k,(OH + 2-butanol) = (9.2 ± 2.4) x 10-12 cm3 molecule-1 s-1 at 296 ± 2 K, 

where the indicated error is two least-squares standard deviations combined with the estimated 

overall uncertainties in the rate constant k8 (and is largely due to the uncertainties in the rate 

constant ks). This measured rate constant is in excellent agreement with that of 1.00 x 1011 cm3 

molecuie-1 s-1 at 298 K calculated using the estimation method of Kwok and Atkinson (1995). 

Products of the OH Radical Reactions with 2-Butanol 

GC-FID and GC-MS analyses of irradiated CHpNO - NO - 2-butanol - air and 

CH3ONO - NO - 2-butanol - cyclohexane - air mixtures showed the fonnation of 2-butanone. 

The measured amounts of 2-butanone were corrected for secondary reaction with the OH radical 

as described previously (Atkinson et al., 1982), using a rate constant for the reaction of the OH 

1012 1radical with 2-butanone at 296 K of 1.15 x cm3 molecule·1 s- (Atkinson, 1994). 

Corrections for secondary reactions of 2-butanone were <5% . The amounts of 2-butanone 

fonned, corrected for reaction with the OH radical, are plotted against the amounts of 2-butanol 

reacted with the OH radical in irradiated CH3ONO - NO - 2-butanol - air and CH3ONO - NO -

2-butanol - cyclohexane - air mixtures in Figure 2, with the presence or absence of cyclohexane 

having no effect. A least-squares analysis of these data leads to a fonnation yield of 2-butanone 

from 2-butanol of 0.695 ± 0.073, where the indicated error is two least-squares standard 

deviations combined with estimated overall uncertainties in the GC-FID response factors for 2-

butanone and 2-butanol of ±5% each. 
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Figure 1. Plot of Equation (I) for the gas-phase reaction of the OH radical with 2-butanol, 
with cyclohexane as the reference organic. 
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air mixtures. 
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Our 2-butanone formation yield from the OH radical reaction with 2-butanol of0.695 ± 
0.073 is in reasonable agreement with the formation yield of 0. 74-0.81 obtained by Carter et al. 

(1979) [which is actually an upper limit because Carter et al. (1979) used too high a rate 

constant for the reaction of 2-butanone with the OH radical to correct the measured 2-butanone 

concentrations for secondary reactions]. Our 2-butanone formation yield is somewhat lower than 

the fraction of the OH radical calculated to proceed by H-atom abstraction from the tertiary C-H 

bond in 2-butanol, of0.84 (Kwok and Atkinson, 1995), suggesting that the activating effects of 

the -OH substituent group in 2-butanol extend beyond the a- >CH- group, as previously 

concluded by Wallington et al. (1988) and Nelson et al. (1990). Thus, while the overall OH 

radical reaction rate constant may be reliably estimated (Kwok and Atkinson, 1995), the 

calculated relative importance of the various reaction pathways may not be correct, as also 

observed by Atkinson et al. (1995d) for the OH radical reaction with n-pentane. H-atom 

abstraction from the -OH group, forming the CH3CH(O)CH2CH3 radical, is predicted to account 

for -1.4% of the overall OH radical reaction with 2-butanol (Kwok and Atkinson, 1995), and 

this pathway is estimated to contribute an additional 2-butanone yield of -0.01 (Atkinson, 

1994). 

OH Radical Formation Yields from the Reactions of 0 1 with Alkenes 

Ten separate introductions of 1.2 x 1016 molecule cm·3 of 2-butanol (the concentration 

required to scavenge ~ 95% of the OH radicals formed in the reactions of~ with the alkenes 

studied at the initial alkene concentrations employed) into the chamber showed the presence of 

(1.21-1.69) x 1012 molecule cm·3 of 2-butanone. This concentration of 2-butanone corresponds 

to 0.010-0.014% of 2-butanone impurity in the 2-butanol samples used, and suggests that an OH 

radical formation yield of -0.1 should be measurable for -2 x 1013 molecule cm·3 of alkene 

reacted. It is interesting to note that our previous study of OH radical formation from the 

1015reactions of 0 3 with alkenes using (7-10.6) x molecule cm·3 of high-purity solvent grade 

cyclohexane (Atkinson et al., 1995a) resulted in initial cyclohexanone plus cyclohexanol 

concentrations in the chamber of typically (0. 7-1. 7) x 1<>1 1 molecule cm·3 (some of which may 

have been due to "carry-over• from previous 0 3 - alkene - cyclohexane - air reactions), 

corresponding to only 0.001-0.002% of cyclohexanone plus cyclohexanol impurity in the 
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cyclohexane (and a factor of 10 lower than the case for the 2-butanone in the 2-butanol samples 

used here). 

Preliminary experiments showed that in 0 3 [(1.0-1.2) x 1013 molecule cm·3] - 2-butanol 

1016 3 1012( -1.2 x molecule cm· ) - air mixtures in the absence of added alkene, -1.8 x 

molecule cm·3 of 2-butanone was formed during the first 30-40 min, followed by a slower 

formation of - 7 x 109 molecule cm·3 min-1 of 2-butanone over the next 200 min (with an overall 

1012amount of 2-butanone formed of (2.9-3.4) x molecule cm·3 over 220-230 min). This 

formation of 2-butanone in 0 3 - 2-butanol - air mixtures was presumably due to the presence of 

small amounts of impurities in the 2-butanol which reacted with 0 3 to form OH radicals, which 

in tum reacted with 2-butanol to form 2-butanone. We therefore limited the alkenes studied to 

those with 0 3 reaction rate constants > 8 x 10·17 cm3 molecuJe·• s·• to minimize the 0 3 

concentrations and exposure of 2-butanol to 0 3 during the experiments. 

The amounts of 2-butanone formed are plotted against the amounts of 2,3-dimethyl-2-

butene, 2-methyl-2-butene, a-pinene and sabinene reacted in Figure 3. Good straight line plots 

are observed, with zero intercepts within two least-squares standard deviations for all four 

alkenes studied. The ratios {([2-butanone] formed)/([alkene] reacted)} obtained from least

squares analyses of the data shown in Figure 3 are given in Table 1, together with the OH 

radical formation yields calculated using our measured formation yield of 2-butanone from the 

OH radical reaction with 2-butanol of 0.695 ± 0.073. For the experiments with 2-methyl-2-

butene and 2,3-dimethyl-2-butene, with rate constants for their reactions with 0 3 at 296 K of 

1.12 x 10·15 cm3 molecule·• s·• and 3.96 x 10·16 cm3 molecuJe· 1 s·1
, respectively (Atkinson, 1994)], 

the calculated lifetimes of 0 3 were always ~ 1 min and <5 mins, respectively (and were longest 

for the fifth addition of 0 3 in each case), and exposures of 2-butanol to 0 3 were minimal. For 

the experiments with a-pinene and sabinene, with rate constants for their reactions with ~ of 

(8.5-8.6) x 10-17 cm3 molecu1e·1 s·• (Atkinson, 1994), the 0 3 lifetimes varied from - 7 min for 

the first 0 3 addition to - 20 min for the fourth 0 3 addition, with only the last data point for each 

experiment being obtained under conditions such that 2-butanol was exposed to at0 3 

concentrations of - 6 x 1012 molecule cm·3 for - 30 min. 

Table 1 shows that the OH radical formation yields measured using 2-butanol to scavenge 

OH radicals are in good agreement with those we have previously reported using cyclohexane 
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Figure 3. Plots of the amounts of2-butanone formed against the amounts of 2,3-dimethyl-2-
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clarity. 

19 



Table l. 2-Butanone and OH radical formation yields from the gas-phase reactions of ~ 
with 2,3-dimethyl-2-butene, 2-methyl-2-butene, a-pinene, and sabinene at 296 ± 
2 K and atmospheric pressure in the presence of sufficient 2-butanol to scavenge 
~ 95 % of the OH radicals 

Alkene 2-Butanone Yield• OH Radical Yield Reference 

2,3-dimethyl-2-butene 0.553 ± 0.050 0.80 ± 0.12 

0.7 ± 0.1 

2-methyl-2-butene 0.649 ± 0.062 0.93 ± 0.14 

a-pinene 0.530 ± 0.045 0.76 ± 0.11 

sabinene 0.228 ± 0.027 0.33 ± 0.06 

This work 

Atkinson and 

Aschmann (1993) 

Niki et al. (1987) 

This work 

Atkinson and 

Aschmann (1993) 

This work 

Atkinson et al. 

(1992) 

This work 

Atkinson et al. 

(1992) 

•Errors are two least-squares standard deviations combined with the estimated overall 
uncertainties in the GC-FID response factors for the alkene and 2-butanone of ±5% each. 
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to scavenge OH radicals (Atkinson et al., 1992; Atkinson and Aschmann, 1993). Furthermore, 

our present OH radical formation yield from 2,3-dimethyl-2-butene is in excellent agreement 

with the value reported by Niki et al. (1987). 2,3-Dimethyl-2-butene forms only one initially 

energy-rich biradical, [(CH3)2CO6r, wltich appears to be either thermally stabilized or 

isomerizes to the hydroperoxide with decomposition to form an OH radical, 

(9) 

with the OH radical then reacting further (with 2,3-dirnethyl-2-butene, reaction products and/or 

an OH radical scavenger). Niki et al. (1987) observed the fonnation of isobutene ozonide with 

a yield of 0.28-0.30 upon addition of formaldehyde to 0 3 - 2,3-dimethyl-2-butene - -N2 0 2 

mixtures, indicating a stabilization yield of the biradical via reaction (9) of ~0.29. This 

biradical stabilization yield together with the measured stoichiometry of (.1[2,3-dimethyl-2-

butene]/ .1[O3]) = 1.7 ± 0.1 in the absence of an OH radical scavenger led Niki et al. (1987) 

to conclude that the OH radical formation yield from the reaction of 0 3 with 2,3-dimethyl-2-

butene is 0. 7. 

The good agreement of the OH radical formation yields from the gas-phase reactions of 

0 3 with the four alkenes studied here using both cyclohexane and 2-butanol to scavenge the OH 

radicals (and measuring the amounts of (cyclohexanone plus cyclohexanol) and 2-butanone 

formed, respectively) suggests that the OH radical formation yields measured previously using 

cyclohexane as an OH radical scavenger (Atkinson et al., 1992, 1995a,c; Atkinson and 

Aschmann, 1993; Shu and Atkinson, 1994; Aschmann et al. , 1996) are correct to within ~ ±20-

25 % , and well within the cited uncertainties of a factor of 1.5 (Atkinson et al., 1992, 1995a,c; 

Atkinson and Aschmann, 1993; Shu and Atkinson, 1994; Aschmann et al., 1996). 
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3. PRODUCT'S OF THE GAS-PHASE REACTIONS OF 0i WITH 
A SERIFS OF METHYL-SUBSTITUTED ETHENES 

Introduction 

As noted in Sections 1 and 2 above, alkenes are important reactive components of 

ambient air in urban areas (Seila er al., 1989; Lurmann and Main, 1992; Chameides el al., 

1992), accounting for ~ 10% of the non-methane organic compound concentration in the Los 

Angeles air basin and other U.S. cities (Seila er al., 1989; Lurmann and Main, 1992). Because 

of their high reactivity with respect to ozone formation (Carter, 1994), alkenes are important in 

the formation of photochemical air pollution in urban areas (Chameides el al., 1992). The 

kinetics and products of the gas-phase reaction of 0 3 with alkenes have be.en extensively studied 

(Atkinson and Carter, 1984; Atkinson, 1994, 1997b) and, while the kinetics of these 0 3 reactions 

are now reasonably well understood for a large number of alkenes (Atkinson, 1997b), there are 

still significant uncertainties concerning the mechanisms and products of the Oi reactions with 

alkenes under atmospheric conditions (Atkinson, 1997b). As shown in Reaction Schemes 1 and 

2 in Section 1 above, the gas-phase reactions of Oi with alkenes proceed by initial addition to 

form a primary ozonide, which then rapidly decomposes to form, in general, two sets of 

carbonyl plus biradical products (Atkinson, 1997b), with the fraction stabilized depending on the 

total pressure (Hatakeyama et al., 1984, 1986; Atkinson, 1997b). At atmospheric pressure, 

O('P) atoms are not formed in any significant amount, and upper limits to the OfP) atom 

formation yields are available for several alkenes (Niki et al., 1984, 1987; Atkinson et al., 

1994a,b). However, OH radicals have been observed to be formed from the O:i reactions with 

alkenes under atmospheric conditions (Paulson et al., 1992a; Atkinson el al., 1992, 1995a; 

Paulson and Seinfeld, 1992; Atkinson and Aschmann, 1993; Horie et al., 1994; Shu and 

Atkinson, 1994; Section 2 above), and unless the OH radicals formed in the primary 0 3 reaction 

with an alkene are scavenged the reactions systems involve both Oi and OH radical reactions 

with the alkene and the measured products and their yields are not those for the O:i reaction 

alone (Hakola et al., 1994). 

We have therefore investigated the products of the gas-phase reactions of O:i with the 

methyl-substituted ethenes propene, els- and trans-2-butene, 2-methylpropene, 2-methyl-2-butene 
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and 2,3-dimethyl-2-butene in the presence of sufficient concentrations of cyclohexane to 

scavenge >90% of the OH radicals formed. 

Experimental 

Experiments were carried out in the dark in three reaction chambers with differing 

analytical techniques. Reactions were carried out in: a 5800 liter evacuable, Teflon-coated 

chamber containing an in situ multiple reflection optical system interfaced to a Nicolet 7199 

Fourier transform infrared (Ff-IR) absorption spectrometer; a 7900 liter all-Teflon chamber with 

analysis by gas chromatography with flame ionization detection (GC-FID); and a 6500 liter all

Teflon chamber interfaced to a PE SCIE){ API III MS/MS direct air sampling, atmospheric 

pressure ionization tandem mass spectrometer (API-MS). All three chambers are fitted with 

Teflon-coated fans to ensure rapid mixing of reactants during their introduction into the 

chamber. 

Teflon Chamber Experiments wirh GC-FlD Analyses. Reactions were carried out in a 7900 liter 

all-Teflon chamber at 296 ± 2 K and 740 Torr total pressure of purified air at ~ 5% relative 

humidity. The initial reactant concentrations were (in moleculecm·3 units): alkene, (4.72-5.73) 

x 1013; cyclohexane, (3.6-17.5) x 1015 
; and 4-5 additions of 50 cm3 volume of~ in Ci diluent 

(corresponding to an initial concentration of 0 3 in the chamber of~ 6 x 1012 molecule cm-3 per 

addition) were flushed into the chamber with a stream of Ni gas over a 1 min period each during 

an experiment. The alkenes and cyclohexane were introduced into the chamber by either 

flushing a measured volume of the gaseous alkene (propene, cis- and trans-2-butene and 2-

methylpropene) into the chamber with a stream of N2 gas or by placing a measured volume of 

the liquid (cyclohexane, 2-methyl-2-butene and 2,3-dimethyl-2-butene) into a 1 liter Pyrex bulb 

and then flushing the contents of the bulb into the chamber with a stream of Ni- After the 

additions of~ to the chamber, the 0 3 was allowed to react for ~ 1 lifetime prior to collecting 

samples from the chamber for GC-FID analyses. 

The concentrations of the alkenes and selected carbonyl products were measured during 

the experiments by GC-FID. The alkene reactants were quantitatively analyzed as described 

previously (Atkinson and Aschmann, 1993). For the analyses of the carbonyl products 
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acetaldehyde and acetone, 100 cm' volume gas samples were collected from the chamber onto 

Tenax-TA solid adsorbent with subsequent thermal desorption at -225 "C onto a 30 m DB-1701 

megabore column in a HP 5710 GC, initially held at 0 "C (measurements of acetone alone) or -

40 °C (measurements of acetaldehyde or acetaldehyde and acetone) and then temperature 

programmed to 200 °Cat 8 °C min•1• The data from the HP 5710 GC were computer processed 

using an HP 3395 integrator and HP Peale 96 software. The GC-FID response factors for the 

reactants and products were obtained by introducing measured amounts of the chemical into the 

7900 liter chamber and conducting several replicate GC-FID analyses. The chamber volume was 

determined by introducing a measured volume of trans-2-butene and determining the trans-2-

butene concentration with a HP 5890 GC and loop/gas sampling valve injection. The alkenes 

were introduced into the chamber as described above, while for acetaldehyde and acetone, partial 

pressures of the gaseous compound were measured in a 2.03 liter Pyrex bulb using an MKS 

Baratron 0-100 Torr sensor, and the contents of the bulb flushed into the chamber with a stream 

of N2 gas. 

Evacuahle Chamber ExperimenlS with FT-IR Spectroscopic Analyses. Experiments were carried 

out in the 5800 liter evacuable, Teflon-coated chamber at 298 ± 2 K and 740 Torr total pressure 

of synthetic air (80% N2 + 20% OJ at < l % relative humidity. Sufficient cyclohexane was 

included to scavenge ~91 % (~95% in all but one reaction involving 2,3-dimethyl-2-butene) 

of the OH radicals formed from the reactions of ~ with the alkenes, and the initial reactant 

concentrations (in molecule cm·1 units) were: alkene, 2.4 x 1014
; and cyclohexane, (1.3-3. 7) x 

1016; and 3-4 additions of 0 3 in Oi diluent (each addition corresponding to -3.6 x 1013 molecule 

cm·3 in the chamber) were added to the chamber during an experiment. The alkenes were 

introduced into the chamber by flushing measured partial pressures in a 5.25 liter Pyrex bulb 

into the chamber with a stream of N2 gas, and cyclohexane was introduced as described above 

for the 7900 liter all-Teflon chamber experiments. 

The concentrations of the alkenes and reaction products were measured by FT-IR 

absorption spectroscopy, with 64 co-added interferograms (scans) per spectrum (1.8 min 

measurement time) recorded with a full width at half maximum (fwhm) resolution of 0. 7 cm·1 

and a pathlength of 62.9 m. FT-IR calibration spectra of the alkenes were obtained by 
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measuring partial pressures of the gaseous compound in a 5.25 liter Pyrex bulb with an MKS 

Baratron 0-100 Torr sensor and flushing the contents of the bulb into the 5800 liter chamber. 

IR reference spectra of 0 3 and the observed products (except for ketene) were available from 

previous calibrations in this laboratory (Tuazon and Atkinson, 1990). The product spectra were 

analyzed by desynthesis, which consisted of successively subtracting known absorptions with the 

use of the calibrated reference spectra (Tuazon and Atkinson, 1990). The analyses were based 

on the following absorption bands of the reactant alkenes and products (peak maxima or band 

centers in cm·1): propene, 912.3; 2-methylpropene, 890.0; tran.s-2-butene, 962.9; cis-2-butene, 

670.6 and 975.9; 2-methyl-2-butene, 800.2; 2,3-dimethyl-2-butene, 1164.7; HCHO, 1745.8; 

CH3CHO, 1746.3; CH3C{O)CH3, 1217.4; CH3OH, 1033.5; CH., 1306.1; COi, 667.8 and 2349; 

CO, 2144; and ketene, 2151.8. The quantitative measurement of ketene was based on its 

published spectrum (Halverson and Williams, 1947), from which an absorption coefficient (base 

10) of 8.5 x 10-1
• cm2 molecule·1 for the P-branch maximum of the 2151.8 cm·1 band was 

derived. 

Teflon Chamber Experiments with API-MS Analyses. Experiments with API-MS analyses were 

carried out in a 6500 liter Teflon chamber interfaced to a PE SCIEX API m MS/MS instrument 

via a 25 mm diameter x 75 cm length Pyrex tube, with a sampling flow rate of -20 liter min·1• 

The operation of the API-MS in the MS (scanning) and MS/MS {with collision activated 

dissociation (CAD)] modes has been described elsewhere (Kwok et al., 1995, 1996a,b; Atkinson 

et al., 1995d). Use of the MS/MS mode with CAD allows the •daughter ion• or •parent ion" 

spectrum of a given ion peak observed in the MS scanning mode to be obtained (Kwok et al., 

1995, 1996a,b; Atkinson et al., 1995d). The positive ion mode was used in all these API-MS 

and API-MS/MS analyses, with protonated water hydrates {H30+(H20)J generated by the corona 

discharge in the chamber diluent gas being responsible for the protonation of analytes, 

(11) 

where M is the neutral analyte of interest. Ions are drawn by an electric potential from the ion 

source through the sampling orifice into the mass-analyzing first quadrupole or third quadrupole. 
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Neutral molecules and particles are prevented from entering the orifice by a flow of high-purity 

nitrogen ("curtain" gas), and as a result of the declustering action of the curtain gas on the 

hydrated ions, the ions that are mass-analyzed are mainly protonated molecular ions ([M +H] +) 

(Kwok et al., 1995, 1996a,b; Atkinson et al., 1995d). 

The initial reactant concentrations (in molecule cm·3 units): alkene, - 4. 8 x 1013; and 

cyclohexane, (7.6-8.4) x 10"; and 2 additions of 50 cm3 volume of O, in 0 2 diluent 

(corresponding to an initial concentration of 0 3 in the chamber of - 6 x 10'2 molecule cm·3 per 

addition) were flushed into the chamber with a stream of N:z gas. 

Chemicals. The chemicals used (acetaldehyde, acetone, cis-2-butene, trans-2-butene, 

cyclohexane, 2,3-dimethyl-2-butene, 2-methyl-2-butene, 2-methylpropene and propene) were all 

of ~99.0% stated purity. 0 3 in Oi diluent was prepared as needed using a Welsbach T-408 

orone generator with calibrated settings of voltage and flow of Oi (99.995%, Liquid Carbonic). 

Results 

Carbonyl Formation Yields from GC-FID Analyses. The formation of acetaldehyde was observed 

from the reactions of 0 3 with propene, cis- and trans-2-butene and 2-methyl-2-butene, and 

acetone was observed as a product from the reactions of 2-methylpropene, 2-methyl-2-butene 

and 2,3-dimethyl-2-butene. Representative plots of the amounts of acetaldehyde and acetone 

formed against the amounts of alkene reacted are shown in Figures 4 (the 2-methyl-2-butene 

reaction) and 5 (the 2-methylpropene and 2,3-dimethyl-2-butene reactions). The acetaldehyde 

and acetone formation yields obtained from least-squares analyses of the experimental data are 

given in Table 2. For the reaction of 0, with 2-methyl-2-butene, acetone formation yields were 

determined from two independent series of experiments (with independent sets of 2-methyl-2-

butene and acetone GC-FID calibration factors being determined for each series of experiments), 

and as shown in Figure 4 the agreement between these two sets of experiments was excellent. 
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Table 2. Products and their yields from the reaction of 0 3 with alkenes in the presence 
of an OH radical scavenger at room temperature and one atmosphere of air 

Alkene Product Formation Yield• 

GC-FID Fr-IR 

Propene HCHO 0.645 ± 0.048 

acetaldehyde 0.446 ± 0.092 

methanol 0.055 ± 0.007 

ketene 0.036 ± 0.004 

co 0.276 ± 0.031 

CO2 0.258 ± 0.018 

CH. 0.096 ± 0.010 

glyoxal 0.030 ± 0.005 

2-Methylpropene HCHO 1.01 ± 0.07 

acetone 0.323 ± 0.030 0.294 ± 0.030 

methanol 0.054 ± 0.007 

co 0.093 ± 0.011 

cai 0.277 ± 0.023 

Cff. not observed 
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Table 2. Products and their yields from the reaction of 0 3 with alkenes in the presence 
of an OH radical scavenger at room temperature and one atmosphere of air 
(continued) 

Alkene Product Formation Yield• 

GC-FID Ff-IR 

cis-2-Butene HCHO 0.161 ± 0.030 

acetaldehyde 1.19 ± 0.14 1.08 ± 0.08 

methanol 0.098 ± 0.018 

ketene 0.074 ± 0.019 

co 0.244 ± 0.034 

CO2 0.36 ± 0.10 

CH4 0.190 ± 0.025 

glyoxal 0.065 ± 0.012 

trans-2-Butene HCHO 0. 168 ± 0.015 

acetaldehyde 1.14±0.14 1.09 ± 0.09 

methanol 0.069 ± 0.008 

ketene 0.045 ± 0.009 

co 0.217 ± 0.026 

COi 0.229 ± 0.025 

Cff. 0.113 ± 0.018 

glyoxal 0.099 ± 0.014 
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Table 2. Products and their yields from the reaction of ~ with alkenes in the presence 
of an OH radical scavenger at room temperature and one atmosphere of air 
(continued) 

AJlrene Product Formation Yield• 

GC-FID FT-IR 

2-Methyl-2-butene HCHO 0.317 ± 0.032 

acetaldehyde 0. 745 ± 0.099 

acetone 0.376 ± 0.032 0.339 ± 0.030 

methanol 0.061 ± 0.008 

ketene 0.016 ± 0.004 

co 0.056 ± 0.009 

CO2 0.249 ± 0.039 

CH. 0.044 ± 0.007 

2,3-Dimethyl-2-butene HCHO 0.426 ± 0.081 

acetone 0.977 ± 0.086 1.14±0.19 

methanol 0.055 ± 0.014 

COi 0.275 ± 0.040 

CH. not observed 

•uncertainties are 2 standard deviations combined with estimated overall uncertainties in 
the GC-FID response factors of ±5% and in the FT-IR measurement uncertainties of ±4%, 
apart from glyoxal (±8 % ) and ketene (± 15 % uncertainty in the literature calibration). 
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Prodiu:ts and Their Yields from FT-JR Analyses. The reactions of 0 3 with propene, 2-

methylpropene, cis-2-butene, 2-methyl-2-butene, and 2,3-dimethyl-2-butene in the presence of 

excess cyclohexane are illustrated by the infrared spectra presented, respectively, in Figures 6-

10. As expected, the reactions of cis-2-butene and trans-2-butene with 0 3 produced the same 

products with similar yields. The product spectra showed the presence of HCHO, methanol and 

COi from all six alkene reactions; CO from all but the 2,3-dimethyl-2-butene reaction; methane 

and ketene from the propene, cis-2-butene, trans-2-butene and 2-methyl-2-butene reactions; 

acetone from the 2-methylpropene, 2-methyl-2-butene and 2,3-dimethyl-2-butene reactions; and 

acetaldehyde from the propene, cis- and trans-2-butene, and 2-methyl-2-butene reactions. 

Plots of the observed product concentrations against the amounts of alkenes consumed 

are shown in Figures 11-16, and the measured formation yields of the products are summarized 

in Table 2. The interferences to the absorption bands of acetaldehyde are such that its yields 

from the propene and 2-methyl-2-butene reactions could not be reliably determined. The 

residual spectra, obtained after subtraction of the absorptions by the known species, are also 

depicted in Figures 6-10. In each case, a broad absorption band is found near 1740 cm·• and 

several others in the 900-1400 cm·1 region. The general positions and features of the bands in 

this 900-1400 cm·1 region indicate the presence of ozonides. Thus, for example, in the case of 

cis-2-butene (and trans-2-butene) the peak at 1124 cm·• (Figure 8) showed, on scale expansion, 

a Q-branch feature similar to that of the strongest band of propylene ozonide (Niki et al., 1977). 

Similarly, for 2-methylpropene (Figure 7), 2-methyl-2-butene (Figure 9) and 2,3-dimethyl-2-

butene (Figure 10), absorptions near 1070, 1230 and 1380 cm·• in the residual spectrum may 

possibly be due to isobutene ozonide (Gravin and Schubert, 1956; Niki et al., 1987). 

The presence of cyclohexane oxidation products (for example, cyclohexanone) in these 

reaction systems interfered with the infrared analysis of the minor carbonyl products formed 

from the alkene, since they contribute appreciably to the overlapped band near 1740 cm·1• 

Indeed, the absorptions of cyclohexanone itself could not be properly subtracted from the 

residual spectra. In the case of the cis-2-butene (Figure 8) and trans-2-butene reactions, the 

analysis of glyoxal as a product was made possible by its sufficiently resolved Q-branch feature 

at 1731 cm·•. However, although methylglyoxal is a known product from the 2,3-dimethyl-2-

butene reaction (Niki et al., 1987) and its Q-branch at 1733 cm·1 was detectable in the spectrum 
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the known compounds. The discontinuities in the spectra represent regions 
severely distorted by strong absorptions of the added cyclohexane. 
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Figure 8. Ff-IR spectra from the reaction of 0 3 with cis-2-butene in air in the presence of 
excess cyclohexane. (A) Reaction mixture with 59.5 %of cis-2-butene consumed. 
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CCi. (C) Residual spectrum after subtraction of absorptions by the known 
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represent regions severely distorted by strong absorptions of the added 
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Figure 9. Ff-IR spectra from the reaction of 0 3 with 2-methyl-2-butene in air in the 
presence of excess cyclohexane. (A) Reaction mixture with 58.6% of 2-methyl-
2-butene consumed. (B) From (A) after subtraction of absorptions by 2-methyl-2-
butene, HCHO, CO, and CO,z. (C) Residual spectrum after subtraction of 
absorptions by the known compounds, except ketene; CH3CHO absorptions was 
also subtracted based on the yield measured by GC-FID. The discontinuities in 
the spectra represent regions severely distorted by strong absorptions of the added 
cyclohexane. 
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in Figure 10 upon scale expansion, methylglyoxal could not be reliably quantified due to its 

severe overlap with the absorption features of cyclohexanone at 1735 cm·1 and with those of 

hydroxyacetone, another known product of the 2,3-dimethyl-2-butene reaction (Niki ti al., 

1987), whose C=O stretch lies at 1740 cm·• and whose formation in the present experiments is 

suggested only by a discernible Q-branch at 1107 cm·1• Moreover, Niki el al. (1987) suggested 

that for the reaction of 0 3 with 2,3-dimethyl-2-butene, tentatively identified products 

CH3C(O)CHz()()H and (CH3) 2C(OH)C(CH3)zOOH also contributed to the absorptions near 1740 

cm·1 and the 900-1400 cm·• region. 

Products Observed from A.Pl-MS {lll(i A.Pl-MS/MS Analyses. Because of the formation of OH 

radica1s from the reactions of Oi with alkenes (Niki et al., 1987; Paulson et al., 1992a; Atkinson 

e1 al., 1992, 1995a; Paulson and Seinfeld, 1992; Atkinson and Aschmann, 1993; Horie el al., 

1994; Shu and Atkinson, 1994; Section 2 above) and the need to scavenge the OH radicals to 

ascertain the products formed from the ~ reactions alone, the products formed include the 

products of the OH radical reaction with cyclohexane in the absence of NO. These additional 

products complicate the analyses, and particularly analyses using API-MS, because of the 

relatively high yields of cyclohexanone plus cyclohexanol together with the presence of the 

other, not well understood, products formed from the OH radicaJ with cyclohexane in the 

absence of NO (Atkinson et al., 1992; Atkinson and Aschmann, 1993; Rowley et al., 1991; 

Aschmann el al., 1997). 

For the six alkene reactions studied, in all cases the API-MS spectra of reacted Oi -
alkene - cyclohexane (in excess) - air mixtures showed the presence of ion peaks at 83, 99, 101, 

115, 117, 119, 197 and 199 u. The ion peaks at 99, 117 and 197 u are the [M+H]+, 

[M + H + M2Oj+ and [M2+ H]+ ions of M = cyclohexanone, and those at 83, 119 and 199 u are 

the [M+H-H20]+, [M+H]+ and [cyclohexanone+M+H]+ ions of M = cyclohexanol, with 

cyclohexanone and cyclohexanol being known products of the OH radical-initiated reaction of 

cyclohexane in the absence of NO (Atkinson et al., 1992; Atkinson and Aschmann, 1993). The 

ion peak at 115 u is probably the [M + H]+ ion of M = CHO(CHi)4CHO formed from the 

reactions of the CHO(CHi)4CH200 peroxy radical with other peroxy radicals (including with 

another CHO(CHi)4CH200 radical), with the CHO(CHi)4CH200 peroxy radical being formed 
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by 0 2 addition to the CHO(CHJ4CH2 radical formed from decomposition of the cyclohexyoxy 

radical (Aschmann et al., 1997). Furthermore, weak ion peaks at 113 u were also observed 

which could be the [M + H-H2Oj+ ions of M = CHO(CHJ4CH2OH also formed from the 

reactions of the CHO(CHJ4CH200 peroxy radical with organic peroxy radicals. 

The remaining ion peaks observed from these reactions included significant or dominant 

ion peaks at 45 u from the propene reaction, at 59, 117 and 157 u from the 2-methylpropene 

reaction, at 45 and 89 u from the trans-2-butene reaction, at 45 u from the cis-2-butene reaction, 

at 45, 59, 117 and 157 u from the 2-methyl-2-butenereaction, and at 59, 117, 157 and 159 from 

the 2,3-dimethyl-2-butene reaction. API-MS/MS "daughter" and "parent" ion CAD spectra of 

these ions indic.ated that the 45 and 89 u ion peaks were the [M+H]+ and [M2+H]+ peaks of 

M = acetaldehyde; and that the 59, 117, 157 and 159 u ion peaks were the [M+H]+, 

[M2+HJ+, [M+cyclohexanone + H] + and [M +cyclohexanol+ H] + peaks of M = acetone. 

Discussion 

Table 2 shows that the formation yields of acetone measured by GC and by FT-IR 

absorption spectroscopy from the 2-methylpropene, 2-methyl-2-buteneand 2,3-dimethyl-2-butene 

reactions are in excellent agreement, and similarly for the yields of acetaldehyde from the cis

and trans-2-butene reactions, with the agreement between the two independent sets of analyses 

being within 13%. The formation yields of the "primary" carbonyls from the present work are 

compared to the literature data of Niki er al. (1987) and Grosjean et al. (1996a), obtained in the 

presence of an OH radical scavenger, in Table 3. Again, the agreement between the various 

studies is seen to be good, especially for the 2-methylpropene and 2,3-dimethyl-2-butene 

reactions. While the primary carbonyl formation yields of Grosjean et al. (1996a) for the 

propene and 2-methyl-2-butene reactions are respectively 15-20% higher and 10-20% lower than 

our present yields, the yields are almost certainly within the combined overall experimental 

uncertainties. 

The sum of the primary carbonyls determined in this work are 1.09 for propene, 1.30-

1.33 for 2-methylpropene, 1.08-1.19 for cis-2-butene, 1.09-1.14 for trans-2-butene, 1.08-1.12 

for 2-methyl-2-butene and 0.98-1.14 for 2,3-dimethyl-2-butene. The formation yields of the 

•primary• carbonyls HCHO and CH3CHO from the propene reaction are approximately equal 

45 

https://0.98-1.14
https://1.08-1.12
https://1.09-1.14
https://1.08-1.19


Table 3. Formation yields of the •primary• carbonyls from the gas-phase reactions of 
0 3 with a series of methyl-substituted ethenes at room temperature and 
atmospheric pressure of air in the presence of an OH radical scavenger 

Alkene Primary carbonyl Fonnation yield Reference 

Propene HCHO 0.780 ± 0.015 Grosjean et al. (1996a) 

0.645 ± 0.0481 This work 

0.520 ± 0.026 Grosjean et al. (1996a) 

0.446 ± 0.092b This work 

2-Methylpropene HCHO 0.950 ± 0.098 Grosjean et al. (1996a) 

1.01 ± 0.071 This work 

0.340 ± 0.031 Grosjean et al. (1996a) 

0.323 ± 0.03ijb This work 

0.294 ± 0.030' This work 

2-Methyl-2-butene CH3CHO 0.685 ± 0.019 Grosjean et al. (1996a) 

0. 745 ± 0.099" This work 

CH3C(O)CH3 0.302 ± 0.006 Grosjean et al. (1996a) 

0.376 ± 0.0321, This work 

0.339 ± 0.030' This work 
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Table 3. Fonnation yields of the •primary• carbonyls from the gas-phase reactions of 
0 3 with a series of methyl-substituted ethenes at room temperature and 
atmospheric pressure of air in the presence of an OH radical scavenger 
(continued) 

Alkene Primary carbonyl Fonnation yield Reference 

2,3-Dimethyl- 1.02 ± 0.13 Niki el al. (1987) 

2-butene 1.006 ± 0.049 Grosjean et al. (1996a) 

0.997 ± 0.086" This work 

1.14±0.19- This work 

•Ff-IR measurement. 
\GC-FID measurement. 
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(using the CH3CHO yield and assuming a sum of the two primary carbonyls of unity), while the 

formation of the disubstituted biradical [(CH3)i~OO]" (plus HCHO or CH3CHO) from the 2-

methylpropene and 2-methyl-2-butene reactions is preferred (Table 2). Our present observations 

concerning the relative importance of the two sets of (carbonyl plus biradical) from alkenes of 

structure RCH=CH2, R1RzC=CH2 and R1CH=CR2R3 are in general agreement with previous 

literature data of Atkinson er al. (1995a), Grosjean and Grosjean (1996a,b,c,d) and Grosjean el 

al. (1996a,b) for some 33 allrenes (Atkinson, 1997b). Hence apart from the 2-methylpropene 

reaction, the sum of the primary carbonyls is 1.1 ± 0.1. In the case of the 2-methylpropene 

reaction, it appears that HCHO is also formed from decomposition of the [(CH3) 2COO]" biradical 

in addition to •direct• HCHO formation from decomposition of the primary ownide, as also 

observed by Grosjean et al. (1996a). Formation of HCHO from subsequent reactions of the 

[(CH3)i<'.:o6f biradical is further indicated by the observation of significant HCHO formation 

from the 2-methyl-2-butene and 2,3-dimethyl-2-butene reactions (Table 2). Formation of HCHO 

in significant yield was also observed by Niki et al. (1987) from the 2,3-dimethyl-2-butene 

reaction and by Grosjean el al. (1996a) from the 2-methyl-2-butene and 2,3-dimethyl-2-butene 

reactions [with yields of 0.246 ± 0.020 (Grosjean et al., 1996a) and 0.288 ± 0.023 (Grosjean 

et al., 1996a), respectively]. The 2-methyl-2-butene and 2,3-dimethyl-2-butene reactions both 

involve formation of the [(CH1)iCOO]" biradical, with the 2,3-dimethyl-2-butene reaction 

forming only the [(CH3)iCOOJ" biradical. The expected reactions of the [(CH3)iCOO]" biradical 

include (Niki et al., 1987; Atkinson, 1997b) 

(12) 

(13) 

followed by reactions of the CH3C(O)CH2 radical (Atkinson, 1994, 1997b) 

(14) 

(15) 
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CH3C(O)CH200 +RO,--+ a CH3C(O)CH2OH + (1-a) CH3C(O)CHO (16) 

+ R62 products + Oz 

(17) 

(18) 

Methylglyoxal and hydroxyacetone have been previously observed as products from the 2,3-

dimethyl-2-butene reaction (Nild et al., 1987; Grosjean et al., 1996a), and methylglyoxal has 

been observed from the 2-methylpropene and 2-methyl-2-butene reactions (Grosjean et al., 

1996a). The subsequent reactions of the CHi:o radical lead to the formation of acetyl peroxy 

and methyl peroxy radicals and hence to CH3C(O)OH, CH3C(O)OOH, CH3OH, and HCHO 

(Atkinson, 1994, 1997b). 

Methane and ketene were only observed as products from the alkenes giving rise to a 

[CHi:HOOf biradical (propene, cis- and trans-2-butene and 2-methyl-2-butene), indicating that 

the reactions involved are 

(19) 

and 

(20) 

Our methane formation yield from the cis-2-butene reaction of0.183 ± 0.012 is in reasonable 

agreement with the yield of 0.14 measured by Niki et al. (1987). 

The potential reactions of the [CH200]" and [CHi:Ho6f biradicals are (Atkinson, 1994, 

1997b) 

(21a) 

(21b) 

49 



(21c) 

(21d) 

[CHz(X>]" ➔ HCO + OH (21e) 

and 

and these reactions can account for the observed products (fable 1) and for the formation of OH 

radicals (Atkinson and Aschmann, 1993). In particular, our data for the cis- and trans-2-butene 

reactions, together with our previously measured OH radical formation yields (Atkinson and 

Aschmann, 1993), suggest that for the [CHi:Ho6f biradical, pathways (a), (b), (e) and (g) 

account for 0.18, 0.41, 0.18 and 0.07, respectively, for cis-2-butene and 0.18, 0.64, 0.11 and 

0.05, respectively, for trans-2-butene, with these reaction pathways for the trans-2-butene 

reaction accounting for essentially 100% of the [CH3CHo6]" reactions. The products formed 

from the subsequent reactions of the thermalized biradicals, such as the CH3CHOO biradical 

formed from the 2-butenes, are not fully understood at the present time. 
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4. PRODUCTS OF TIIE GAS-PHASE REACTIONS OF A SERIES 
OF METIIYL-SUBSTITUTED ETHENES WITH THE OH RADICAL 

Introduction 

As noted in Section 3 above, alkenes are a significant component of ambient air in urban 

areas and in the atmosphere they react with OH radicals, N~ radicals and 0 3 (Atkinson, 1994, 

1997b), with the daytime OH radical reaction often dominating as the alkene removal process 

(Atkinson, 1988; Blake et al., 1993). The kinetics and products of the gas-phase reaction of OH 

radicals with alkenes have been studied previously (Atkinson, 1989, 1994, 1997b). However, 

while the kinetics of these OH radical reactions are now reasonably well understood for a large 

number of alkenes (Atkinson, 1997b), only for a few simple acyclic alkenes have product studies 

been conducted at room temperature and atmospheric pressure of air (Niki et al., 1978, 1981; 

Atkinson et al., 1985, 1995b; Tuazon and Atkinson, 1990; Paulson et al., 1992b; Paulson and 

Seinfeld, 1992; Miyoshi et al., 1994; Hakola et al., 1993, 1994; Kwok et al., 1995, 1996a; 

Atkinson, 1997b). 

The gas-phase reactions of the OH radical with alkenes proceed mainly by initial addition 

of the OH radical to the > C =C < bond(s) to form a P-hydroxyalkyl radical (Atkinson, 1997b), 

which in the troposphere then rapidly and solely adds 0, to form the P-hydroxyalkyl peroxy 

radical. In the presence of NO, the P-hydroxyalkyl peroxy radical reacts with NO to form either 

the P-hydroxynitrate or the .8-hydroxyalkoxy radical plus N02 (Atkinson, 1997b), 

M 
CH3CH2CH(OH)CH20N0i (23a) 

CH3CH2CH(OH)CH200 + NO -{ 
CH3CH2CH(OH)CH20 + N02 (23b) 

while in the absence of NO (or at low NO concentrations), the P-hydroxyalkyl peroxy radicals 

are expected to react with HOi radicals and with organic peroxy radicals (including the self

reaction) (Atkinson, 1997b). 

(24) 
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➔ CH3CH(OH)CH20H + CH3CH(OH)CHO (25a) 
+ R62 products + ~ 

CH3CH2CH(OH)CHi(X> + R02 

➔ CH3CH(OH)CH20 + RO + 0 2 (25b) 

The P-hydroxyalkoxy radicals formed from the reactions of the P-hydroxyalkyl peroxy radicals 

with NO and with R02 radicals can then react with 0 2, decompose or, for ~C, side chains, 

isomerize via a 6-member transition state, as shown, for example, in Reaction Scheme (3) in 

Section 1. The a-hydroxyalkyl radicals react rapidly with ~ to form the carbonyl (Atkinson, 

1994, 1997b). 

(26) 

The alkoxy radical (OCH2CH2CH(OH)CH20H) formed subsequent to the isomerization reaction 

is predicted to undergo a further isomerization to form the polyfunctional product 

HOCH2CH2CH(OH)CHO (Atkinson, 1997a,b; Kwok et al., 1996a). 

·Previous studies have shown that at room temperature and atmospheric pressure of air 

the HOCH2CH20 radical formed from OH radical addition to ethene reacts with ~ and 

decomposes (Niki et al., 1981), while the ,S-hydroxyalkoxy radicals formed from propene, I

butene and trans-2-butene predominantly decompose (Niki et al., 1978; Atkinson et al., 1985). 

However, the carbonyl products observed and quantified from the OH radical reactions with 

isoprene (fuazon and Atkinson, 1990; Paulson et al., 1992b; Miyoshi el al., 1994), the C5--Ca 

1-alkenes (Paulson and Seinfeld, 1992; Atkinson el al., 1995b) and a series of C1J-I16 

monoterpenes (Hakola et al., 1993, 1994) indicate that decomposition of the intermediate P
hydroxyalkoxy radicals is not the sole process and that other reaction pathways, including 

isomerization (Kwok et al., 1996a; Atkinson, 1997a), must be occurring. Indeed, the recent 

study of Kwok et al. (1996a), employing atmospheric pressure ionization mass spectrometry to 

study the products of the OH radical-initiated reactions of I-butene through 1-octene, observed 

formation of C.-dihydroxycarbonyls from the c.-1-alkene reactions, direct evidence for the 

occurrence of isomeriz.ation of the P-hydroxyalkoxy radicals involved. Atkinson (1997a) has 

used the literature product data for the alkanes and alkenes to propose methods for the 
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calculation of the reaction rates of alkoxy and P-hydroxyalk:oxy radicals under tropospheric 

conditions, and these estimation methods predict that decomposition of the P-hydroxyalkoxy 

radicals will dominate over their reaction with 0 2 at around room temperature and atmospheric 

pressure of air (Atkinson, 1997a). 

In this work:, we have used gas chromatography, in situ Fourier transform infrared (Ff

IR) absorption spectroscopy, and direct air sampling, atmospheric pressure ionization tandem 

mass spectrometry (API-MS) to investigate the products formed from the reactions of the OH 

radical with the methyl-substituted ethenes propene, 2-methylpropene, cis- and trans-2-butene, 

2-methyl-2-butene and 2,3-dimethyl-2-butene at room temperature and atmospheric pressure of 

air. 

Experimental 

Experiments were carried out in three reaction chambers with differing analytical 

techniques. Reactions were carried out in: a 5800 liter evacuable, Teflon-coated chamber 

containing an in situ multiple reflection optical system interfaced to a Nicolet 7199 Fourier 

transform infrared (Ff-IR) absorption spectrometer and with irradiation provided by a 24-kW 

xenon arc filtered through a 0.25 in. thick Pyrex pane (to remove wavelengths <300 nm); a 

7900 liter Teflon chamber with analysis by gas chromatography with flame ionization detection 

(GC-FID) and irradiation provided by two parallel banks of blacklamps; and a 6500 liter Teflon 

chamber interfaced to a PE SCIEX API III MS/MS direct air sampling, atmospheric pressure 

ionization tandem mass spectrometer (API-MS), again with irradiation provided by two parallel 

banks of black:lamps. All three chambers are fitted with Teflon-coated fans to ensure rapid 

mixing of reactants during their introduction into the chamber. 

Hydroxyl radicals were generated in the presence of NO by the photolysis of methyl 

nitrite (CH3ONO) or ethyl nitrite (CiH5ONO) in air at wavelengths > 300 nm (Atkinson er al., 

1981, 1995b; Tuazon and Atkinson, 1990): 

(27) 

(28) 

53 



H~ + NO -+ OH + NO2 (29) 

where R = H or CH3• NO was added to the reactant mixtures to avoid the formation of 0,, and 

hence of NO, radicals (Atkinson el al., 1981). Experiments were carried out in the 7900 liter 

Teflon chamber for the GC-FID measurement of the formation yields of carbonyls other than 

HCHO (Atkinson e.r al., 1995b; Section 3 above) and in the 5800 liter evacuable, Teflon-coated 

chamber for Ff-IR absorption spectroscopic determination of the HCHO (and other carbonyl) 

formation yields (Atkinson e.r al., 1995b; Section 3 above). Because HCHO is the primary 

photolytic product of methyl nitrite (see above), the photolysis of ethyl nitrite in air was used 

as the OH radical source for the determination of HCHO formation yields in the 5800 liter 

evacuable chamber (Tuazon and Atkinson, 1990; Atkinson er al., 1995b). In the 6500 liter and 

7900 liter Teflon chambers with analyses by GC-FID and API-MS, OH radicals were generated 

by the photolysis of CH3ONO in air. Additional experiments were carried out in the 6500 liter 

Teflon chamber with API-MS analyses in which OH radicals were generated in the absence of 

NO from the reaction of~ with the alkene being studied (Atkinson et al., 1992; Atkinson and 

Aschmann, 1993). 

Teflon Chamber with Analysis by GC-FlD. For the experiments carried out in the 7900 liter 

Teflon chamber, the initial reactant concentrations (in molecule cm·3 units) were: CH3ONO, 

(1.85-2.25) x 1014; NO, (1.95-2.30) x 1014
; and alkene, (2.28-2.50) x 1013

• Irradiations were 

carried out at 20% of the maximum light intensity for 1-6 mins. The concentrations of the 

alkenes and the carbonyl (apart from HCHO) products were measured during the experiments 

by gas chromatography with flame ionization detection (GC-FID) as described in Section 3. 

Evacuabk Chamber with Analysis by FT-IR Absorption Spectroscopy. The initial concentrations 

of the alkenes, methyl or ethyl nitrite, and NO in the experiments using Ff-IR absorption 

spectroscopic analyses in the 5800 liter evacuable chamber were (2.4-4.8) x 1014 molecule cm·3, 

1014 x 1014 32.4 x molecule cm·', and (1.8-2.4) molecule cm· , respectively. 0.5-1.0 min 

intermittent irradiations were carried out, with Ff-IR spectroscopic and GC-FID analyses during 

the dark periods. The alkenes were introduced into the chamber by flushing measured partial 

54 

https://2.28-2.50
https://1.95-2.30
https://1.85-2.25


pressures in a 5.25 liter Pyrex bulb into the chamber with a stream of ~ gas. The 

concentrations of alkenes and selected products were measured by FT-IR absorption 

spectroscopy, with 64 co-added interferograms (scans) per spectrum (1.8 min measurement time) 

recorded with a full width at half maximum (fwhm) resolution of 0. 7 cm·• and a pathlength of 

62.9 m. 

Ff-IR absorptions of the alkenes were obtained by measuring known partial pressures 

of the gaseous compound into a 5.25 liter Pyrex bulb with an MKS Baratron 0-100 Torr sensor 

and flushing the contents of the bulb into the 5800 liter chamber with Ff-IR detection of the 

authentic compound. IR reference spectra of the products measured were available from 

previous IR calibrations in this laboratory (see also Section 3 above). 

Teflon Chamber with Analysis by API-MS. Experiments with API-MS analyses were carried out 

in a 6500 liter Teflon chamber which was interfaced to a PE SCIEX API ill MS/MS instrument 

via a 25 mm diameter x 75 cm length Pyrex tube, with a sampling flow rate of - 20 liter nun·•. 
The operation of the API-MS in the MS (scanning) and MS/MS [with collision activated 

dissociation (CAD)] modes has been described elsewhere (Atkinson et al., 1995d; Kwok el al., 

1995, 1996a,b). Use of the MS/MS mode with CAD allows the •daughter ion• or •parent ion• 

spectrum of a given ion peak observed in the MS scanning mode to be obtained (Atkinson el al., 

1995d; Kwok et al., 1995, 1996a,b). 'The positive ion mode was used in all these API-MS and 

API-MS/MS analyses, with protonated water hydrates {H3Q+(H20)J generated by the corona 

discharge in the chamber diluent gas being responsible for the protonation of analytes, 

(30) 

where M is the neutral analyte of interesL Ions are drawn by an electric potential from the ion 

source through the sampling orifice into the mass-analyzing first quadrupole or third quadrupole. 

Neutral molecules and particles are prevented from entering the orifice by a flow of high-purity 

nitrogen (•curtain• gas), and as a result of the de.clustering action of the curtain gas on the 

hydrated ions, the ions that are mass-analyzed are mainly protonated molecular ions ([M+Hj+) 

(Atkinson el al., 1995d; Kwok et al., 1995, 1996a,b). 
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For reactions of 2-methylpropene, cis-2-butene, 2-methyl-2-butene and 2,3-dimethyl-2-

butene carried out in the presence of NO, OH radicals were generated by the photolysis of 

methyl nitrite. The initial concentrations of CH30NO, NO and alkene were ~4.8 x 1013 

molecule cm·' each, and irradiations were carried out for 1-2 min at 20% of the maximum light 

intensity. For reaction carried out in the absence of initially added NO, OH radicals were 

generated by the dark reaction of 0 3 with the alkene (Atkinson et al., 1992; Atkinson and 

Aschmann, 1993), with the initial concentration of the alkene being -4.8 x 1013 molecule cm·3 

and with 2 additions of 50 cm3 volume of 0, in 0 2 diluent (each addition corresponding to an 

initial concentration of 0 3 in the chamber of -6 x 1()12 molecule cm·') being made to the 

chamber. The alkenes studied in these experiments also included propene and trans-2-butene. 

Olemicals. The chemicals used (acetaldehyde, acetone, cis-2-butene, trans-2-butene, 2,3-

dimethyl-2-butene, 2-methyl-2-butene, 2-methylpropene and propene) were all of~ 99.0% stated 

purity. Methyl nitrite was prepared as described by Taylor et al. (1980) while ethyl nitrite was 

distilled from a commercial 15% solution by weight of CiH50NO in ethanol (Aldrich Chemical 

Company), and both nitrites were stored at 77 K under vacuum. 

Results 

Reactions in the Presence of NO 

Teflon Chamber with GC-FID Analyses. GC-FID analyses showed the formation of acetone 

from the OH radical-initiated reactions of 2-methylpropene, 2-methyl-2-butene and 2,3-dimethyl-

2-butene and of acetaldehyde from the reactions of cis-2-butene and 2-methyl-2-butene. Because 

the carbonyl products react with the OH radical (Atkinson, 1989, 1994), the secondary reactions 

of the OH radical with the products were taken into account to determine the product formation 

yields. These secondary reactions were taken into account as described previously by Atkinson 

et al. (1982), using the recommended OH radical reaction rate constants for the alkenes and 

carbonyl products (Atkinson, 1989, 1994, 1997b), with the corrections for secondary reactions 

being < 15% for acetaldehyde and <0.03% for acetone. Figure 17 shows representative plots 

of the amounts of acetone formed against the amounts of 2-methyl-2-butene and 2,3-dimethyl-2-

butene reacted, and the formation yields obtained from least-squares analyses of the experimental 
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Figure 17. Plots of the amounts of acetone formed, corrected for reaction with the OH 
radical, against the amounts of 2-methyl-2-butene and 2,3-dimethyl-2-butene 
reacted with the OH radical in the presence of NO. 
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data are given in Table 4. Two independent sets of experiments were carried out to measure 

the acetone formation yield from the 2-methyl-2-butene reaction, and the agreement between the 

two measured acetone formation yields was excellent (Table 4). 

Evacuable Chamber with Analyses by FT-JR Spectroscopy. Products from the gas-phase 

reactions of the OH radical with 2-methylpropene, cis-2-butene, 2-methyl-2-butene and 2,3-

dimethyl-2-butene in the presence of NO have been identified and quantified by in situ Ff-IR 

absorption spectroscopy. Figures 18-21 show Ff-IR spectra of reactants and products from the 

CH3ONO - NO - alkene - air irradiations. The products observed and their measured formation 

yields from these Ff-IR absorption spectroscopy analyses are given in Table 4, where the 

measured concentrations of HCHO, CH3CHO and CH3C(O)CH3 were again corrected for 

secondary reactions (see above). The corrections for secondary reactions were < 5% for HCHO 

and CH3CHO, and were negligible for acetone. Plots of the amounts of products formed, 

corrected for secondary reactions, against the amounts of alkene reacted are shown in Figures 

22-25. We have previously shown that any contribution to HCHO formation from the secondary 

reactions of CH3CHO generated from the photolysis of ethyl nitrite is minor ( < 4% formation 

yield) in irradiated C2HsONO - NO - 1-alkene - air mixtures (Atkinson et al., 1995b), and the 

formation of HCHO from ethyl nitrite chemistry in the present experiments would be even less 

because of the higher reactivity of the alkenes studied here (Atkinson, 1994, 1997b). 

The residual spectra after subtraction of known components (Figures 18-21) showed weak 

but distinct set of absorption bands near 855, 1300, and 1650 cm·1
, which are characteristic of 

the -ONO2 groups. These bands were assigned to hydroxynitrates, although the low signal-to

noise ratio near the 3600 cm-1 region did not allow the presence of O-H stretch absorption bands 

to be observed. These hydroxynitrates are expected to be formed during the reactions of the /3-

hydroxyalkyl peroxy radicals with NO (Atkinson, 1994, 1997b). The approximate yields of the 

hydroxynitrates (Table 4) were calculated using an average absorption coefficient for the -ONO2 

absorption band at - 1300 cm·1 previously derived for analogous compounds (Tuazon and 

Atkinson, 1990). In the case of the 2-methyl-2-butene reaction, the formation of a minor 

carbonyl product is also clearly indicated by the occurrence of a band at 1736 cm·1 (Figure 20D). 
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Table 4. Products and their formation yields observed from the reactions of the OH radical 
with alkenes in the presence of NO at 296 ± 2 Kand 740 Torr total pressure of 
air 

Alkene Product Formation yield 

GC-FID• 

2-Methylpropene 

cis-2-Butene 

2-Methyl-2-butene 

acetone 

formaldehyde 

hydroxynitrate 

acetaldehyde 

hydroxynitrate 

acetaldehyde 

acetone 

hydroxynitrate 

0.783± 0.062 

1.85 ± 0.25 

0.975 ± 0.100 

0.917 ± 0.092° 

0.878 ± 0.065° 

0.896 ± 0.07!)d 

0.892 ± 0.069 

0.903 ± 0.101 

-0.09 

1.57 ± 0.13 

-0.06 

0.824 ± 0.090 

0.802 ± 0.060 

-0.13 
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Table 4. Products and their formation yields observed from the reactions of the OH radical 
with alkenes in the presence of NO at 296 ± 2 K and 740 Torr total pressure of 
air (continued) 

Alkene Product Formation yield 

GC-FID' 

2,3-Dimethyl-2-butene acetone l.70 ± 0.17 l.61 ± 0.18 

hydroxynitrate -0.07 

•Indicated errors are two least-squares standard deviations combined with estimated overall 
uncertainties in the GC-FID response factors for the alkene and carbonyl products of ±5 % 
each. 

blndicated errors for the Ff-IR data are two least-squares standard deviations combined with 
the errors arising from the measurement uncertainties of ±4% for the alkenes and products. 

<Independent sets of experiments, each with measured GC-FID calibration factors. 
dfor combined data sets. 

Teflon Chamber with Analyses by API-MS. Experiments were carried out using direct air 

sampling atmospheric pressure ionization tandem mass spectrometry (API-MS) for analysis of 

the products formed from the reactions of the OH radical with 2-methylpropene, cis-2-butene, 

2-methyl-2-butene and 2,3-dimethyl-2-butene in the presence of NO, with OH radicals being 

generated by the photolysis of methyl nitrite. 
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Figure 18. Infrared spectrum from a 2-methylpropene - CH3CH20NO - NO irradiation 
experiment. (A) Initial reactant mixture. (B) Difference spectrum: spectrum of 
mixture after 3.25 min of photolysis minus that of reaction mixture prior to 
irradiation. (C) Residual spectrum. [Gaps in the - 1625 cm-1 and - 1350 cm·• 
regions are due to distortions by the strong absorptions, respectively, of the NOi 
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are concentrations in units of 1()13 molecule cm·3• 
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Figure 21. Infrared spectra from a 2,3-dimethyl-2-butene - CH30NO - NO irradiation 
experiment. (A) Initial alkene. (B) Mixture after 2. 7 min of irradiation. 
(C) Product spectrum from (B). (D) Residual spectrum. [Gaps in the ~ 1625 
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API-MS analyses of irradiated CH3ONO - NO - 2-methylpropene - air mixtures showed 

the presence of two strong product ion peaks at 59 and 117 u, with much weaker ion peaks at 

77, 135 and 193 u. The 59 u ion peak is attributed to [M + H] • of acetone, and this assignment 

was consistent with the API-MS/MS analyses. API-MS/MS daughter ion and parent ion spectra 

showed that the 117 u ion peak was the [M2 +HJ• dimer peak of acetone, and showed that the 

remaining peaks were water cluster peaks of acetone (at 77 u), of the acetone dimer ion (at 135 

u) and of the acetone trimer (at 193 u), with an API-MS/MS daughter ion spectrum of the 193 

u ion peak showing a water loss fragment at 175 u (with the 175 u peak being [(acetoneh +HJ ...). 

No evidence was observed for the formation of a hydroxynitrate (although these are generally 

seldom observed with positive ion API-MS under our experimental conditions) nor of the 

hydroxycarbonyl (CH3) 2C(OH)CHO formed from reaction of the intennediate P-hydroxyalkoxy 

radical, (CH3)iC(OH)CHp, with 0 2 • 

API-MS analyses of irradiated CH3ONO - NO - cis-2-butene - air mixtures showed the 

presence of ion peaks not present in the pre-reaction spectra at 45 (attributed to [M + HJ+ of 

acetaldehyde), 63, 81, 87, 89, 136, 154 and 180 u. API-MS/MS daughter ion spectra ofthe_l36 __ 

u ion peak showed strong fragment ions at 46 and 73 u, with the 46 u fragment being attributed 

to [NO2] + and the 73 u ion peak being a loss of HNO3• API-MS/MS parent ion spectra of the 

45 u and 136 u ion peaks both showed the presence of a 180 u ion peak, attributed to an 

[acetaldehyde + 135 +HJ+ dimer ion, and with the parent ion spectrum of the 136 u ion peak 

showing ion peaks at 154 u ( +HP), 172 ( +2H2O) and 198 u ([180+ H2O]+) in addition to the 

180 u ion peak. An API-MS/MS daughter ion spectrum of the 180 u ion peak showed the 

presence of a strong 136 u fragment and its fragments at 46 and 73 u, while a daughter ion 

spectrum of the 198 u ion peak showed fragments at 180 u and the same ions as observed from 

the 180 u ion, suggesting that the 198 u ion peak was a water cluster of the 180 u ion. The 136 

u ion peak is therefore attributed to the [M + HJ+ ion of the P-hydroxynitrate 

CH3CH(OH)CH(ONOi.)CH3• The 89 u ion peak was shown to be the dimer ion of acetaldehyde 

and the 63 and 81 u ion peaks to be water cluster ions of acetaldehyde [acetaldehyde+H2O+H]+ 

and [acetaldehyde+2H2O+H]•. Although the 89 u ion peak could have been the [M+H]+ ion 

of CH3CH(OH)C(O)CH3 (formed from reaction of the intermediate P-hydroxyalkoxy radical 
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CH3CH(OH)CH(O)CH3 with 0 2), the lack of a strong [M +H-H2Oj+ ion peak at 71 u indicates 

that this product was of minor or negligible importance. 

API-MS analyses of irradiated CHPNO - NO - 2-methyl-2-butene - air mixtures showed 

the presence of significant ion peaks at 59, 77, 87 and 117 u, together with weaker ion peaks 

at 85, 103 and 145 u. The 59 u product ion peak is attributed to the [M+H]+ ion of acetone 

(consistent with the API-MS/MS spectrum of the 59 u ion). API-MS/MS daughter ion spectra 

of the 117 u ion peak and API-MS/MS parent ion spectra of the 59 u ion peak showed that the 

117 u ion peak was the dimer [M2+HJ+ of acetone and indicated that the 77 u ion peak was a 

water cluster peak of the [acetone+H]+ ion, that the 103 u ion peak was a heterodimer of 

acetone and acetaldehyde [acetone +acetaldehyde +HJ+ and that the 85 u ion peak was 

[acetone+ acetaldehyde + H-H2O] +. In particular, the API-MS/MS daughter ion spectrum of the 

103 u ion peak showed a strong 59 u fragment (in addition to weaker fragment ions at 85, 47, 

45, 43 and 19 u), whereas an API-MS/MS spectrum of an authentic sample of 3-hydroxy-3-

methyl-2-butanone (the hydroxycarbonyl which would be formed from the reaction of the 

intermediate /1-hydroxyalkoxy radical with 0 2) showed strong fragment ions at 85 and 57 u -

together with weaker fragment ions at 43, 41 and 29 u. These API-MS/MS spectra show that 

the 103 u ion peak in the reacted mixture was not due to 3-hydroxy-3-methyl-2-butanone and 

no evidence for the formation of this potential product was obtained [note also the API-MS/MS 

spectra of the 103 u ion peak observed in the 0 3 reaction with 2-methyl-2-butene in the absence 

of an OH radical scavenger showed the presence of a strong 57 u fragment ion, consistent with 

the expected formation of 3-hydroxy-3-methyl-2-butanone from the OH radical-initiated reaction 

of 2-methyl-2-butene in the absence of NO; see below]. The API-MS/MS daughter ion 

spectrum of the 87 u product ion peak showed strong fragment ions at 69 (-H20), 45, 43 and 

41 u, while the parent ion spectrum showed a dimer ion at 173 u (corresponding to [M2+ H] + 

for M = 86 u) and a heterodimer [acetone+M+H]+ at 145 u, together with peaks at 208,236 

and 299 u. The peak at 299 u could be the homodimer of the /j-hydroxynitrate(s) 

CH3CH(OH)C(ONOi)(CH3) 2 and/or (CH3)iC(OH)CH(ONO2)CH3, with the 208 u ion peak being 

a heterodimer [/1-hydroxynitrate+acetone+H]+ and the 236 u ion peak being a fragment ion 

(-HNO3) of the 299 u homodimer peak. We interpret these API-MS data concerning the 

products of the OH radical-initiated reaction of 2-methyl-2-butene as showing the formation of 
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acetaldehyde, acetone and a hydroxynitrate, presumably the P-hydroxynitrate 

CH3CH(OH)C(ONO:J(CH3) 2 and/or (CH3)iC(OH)CH(ONOi)CH3 • Moreover, decomposition of 

the P-hydroxynitrate(s) in the chamber or in the ionization region of the API-MS instrument led, 

by loss of nitric acid, to a product with a molecular weight of 86, probably 

CH3CH(OH)C(CH3) =CH2 or (CHJiC(OH)CH =CH2• 

API-MS and API-MS/MS analyses of irradiated CH3ONO - NO- 2,3-dimethyl-2-butene-

air mixtures showed the presence of two strong ion peaks at 59 and 117 u, with weaker ion 

peaks at 83, 99, 101,159,201 and 217 u. The 59 u ion peak is attributed to the [M+H]+ ion 

of acetone, consistent with API-MS/MS analyses, and API-MS/MS spectra parent ion spectra 

of the 59 u ion peak and daughter ion spectra of the 117 u ion peak showed that the 117 u ion 

peak was the [M2+H]+ dimer peak of acetone and that the 99 u ion peak was [(acetone)i+H

H2O]+. API-MS/MS spectra showed that the 159, 201 and 217 u ion peaks were 

[100+58+H]+, [lOO+lOO+H]+ and [100+117]+, respectively, indicating a product of 

molecular weight 100 u. API-MS/MS spectra of the 101 u ion peak showed a strong fragment 

at 83 u due to loss . of H2O, and we . .tentatiyely ascribe the 100 u product as 

(CH3) 2C(OH)C(CH3)=CH2 arising from decomposition of the ,S-hydroxynitrate 

(CH3) 2C(OH)C(ONO:J(CH3) 2, either in the chamber or in the ionization region of the API-MS 

instrument. This behavior is analogous to the 2-methyl-2-butene reaction discussed above. The 

99 u ion peak observed in the API-MS analyses appears to be due to loss of H2 from the 101 

u ion peak and a loss of H2O from the [(acetone)i+ H]+ dimer ion peak. 

Reactions in the Absence or NO 

Experiments were carried out using API-MS for analysis of the products formed from 

the reactions of the OH radical with 2-methylpropene, cis-2-butene, 2-methyl-2-butene and 2,3-

dimethyl-2-butene in the absence of NO, with OH radicals being generated from the dark 

reaction of 0 3 with the alkene being studied. 

API-MS and API-MS/MS spectra of the products of reacted 0J - propene - air mixtures 

showed the presence of significant ion peaks at 45, 75, n, 93, 111, 139, 169, 185, 231 and 277 

u. The 45 u ion peak is attributed to the [M+H]+ ion of acetaldehyde. API-MS/MS daughter 

ion and parent ion spectra of ion peaks at 75, 77 and 93 u indicated that the reaction products 
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were mainly those of molecular weight 44, 74, 76 and 93 u. Thus, the API-MS/MS parent ion 

spectrum of the 75 u ion peak ([74+H]+) showed peaks at 93 u ([74+H2O+H]+), 119 u 

([74+44+H]+), 149 u ((74+74+H]+), 151 u ([74+76+H]+), and 167 u ([74+92+H]+); the 

API-MS/MS parent ion spectrum of the 77 u ion peak ((76+H]+) showed peaks at 95 u 

([76+H2O+H]+), 151 u ([76+74+H]+), 153 u ([76+76+H]+), and 169 u ([76+92+H]+); 

and the API-MS/MS parent ion spectrum of the 93 u ion peak ([92+ H]+) showed peaks at 111 

u ([92+H2O+H]+), 169 u ([92+76+H]+) and 185 u ([92+92+H]+). 

API-MS and API-MS/MS spectra of the products of reacted ~ - 2-methylpropene - air 

mixtures showed the presence of significant ion peaks at 59, 75, 77, 89, 91, 105, 107, 117, 149, 

165, 181, 197 and 213 u. The 59 u ion peak is attributed to the (M+H]+ ion of acetone, and 

API-MS/MS daughter parent spectrum of the 59 u ion peak indicated that the 117 u ion peak 

was a proponated acetone dimer, ((acetone)2+H]+, ion. API-MS/MS daughter ion and parent 

ion spectra of ion peaks at 89, 91 and 107 u indicated that the reaction products were mainly 

those of molecular weight 58, 88, 90 and 106 u. Thus, the API-MS/MS parent ion spectrum 

of the 107 u ion peak ([106+H]+) showed peaks at 125 u ([106+H2O+H]+), 165 u 

([106+58+H]+), 197 u ([106+90+H]+) and 213 u ((106+ 106+H]+), and the API-MS/MS 

parent ion spectrum of the 91 u ion peak ((90+H]+) showed peaks at 163 u ([90+90+H

H2O]+), 181 u ([90+90+H]+) and 197 u ((90+106+H]+). The API-MS/MS parent ion 

spectrum of the 89 u ion peak ([88+ H]+) showed peaks at 91 u (90+H-Hii ♦), 107 u 

([88+H2O+H]+ or [106+H-H2Oj+), 179 u ([88+90+H]+) and 197 u ([88+90+H+ H2O]+); 

however, the observation of ion peaks in the parent ion spectrum at 91, 107 and 213 u suggest 

that the 89 u ion peak was also a fragment of the 107 u and 91 u ion peaks. 

API-MS and API-MS/MS spectra of the products of reacted ~ - cis-2-butenc - air 

mixtures showed the presence of significant ion peaks at 45, 89, 107, 117, 151, 179, 195, 197 

and 213 u. The 45 u ion peak is attributed to the [M + H]+ ion of acetaldehyde, and API

MS/MS daughter ion and parent ion spectra of ion peaks at 89, 91 and 107 u and API-MS/MS 

daughter ion spectra of the 195 u ion peak indicated that the reaction products were mainly those 

of molecular weight 44, 88, 90 and 106 u. Thus, the API-MS/MS parent ion spectrum of the 

107 u ion peak ([106+H]+) showed peaks at 151 u ([106+44+H]+), 195 u ([106+88+H]+), 

197 u ([106+90+H]+) and 213 u ((106+ 106+H]+), the API-MS/MS parent ion spectrum of 
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the 91 u ion peak ([90+H]+) showed peaks at 109 u ([90+H2O+H]+), 179 (weak) 

([90+88+ H]+), 181 u ([90+90+ H]+) and 197 u ([90+ 106+ H]+), and the API-MS/MS parent 

ion spectrum of the 89 u ion peak ([88+Hj+) showed peaks at 107 u ([88+H2O+Hj+), 133 u 

([88+44+H]+), 177 u ([88+88+H]+), 179 ([88+90+H]+) and 195 u ([88+ 106+Hj+). Very 

similar data were obtained for the analogous trans-2-butene reaction. 

API-MS and API-MS/MS spectra of the products of reacted ~ - 2-methyl-2-butene- air 

mixtures showed the presence of ion peaks at 45, 59, 85, 87, 103, 105, 117, 147, 177,179,225 

and 241 u. The 45 u and 59 u ion peaks are attributed to the [M + H]+ ions of acetaldehyde and 

acetone, respectively, with the 89 u and 117 u ion peaks being attributed to the protonated 

homodimers of acetaldehyde and acetone, respectively. In addition to the fonnation of 

acetaldehyde and acetone as products, API-MS/MS daughter ion and parent ion spectra of ion 

peaks at 103 u, 105 u and 121 u indicated the presence of products of molecular weight 102 (3-

hydroxy-3-methyl-2-butanone), 104 (2-methyl-2, 3-butanediol) and 120 u 

[(CH3) 2C(OH)CH(OOH)CH3 and/or (CH3) 2C(OOH)CH(OH)CH3]. For example, the API

MS/MS parent ion spectrum of the_l03 u ion peak showed ions at 121 u (102+H2O+H]+, 147 

u ([102+44+ H]+) and 161 u ([102+58+H]+); the API-MS/MS parent ion spectrum of the 105 

u ion peak showed ions at 163 u ([104+58+H]+), 209 u ([104+104+H]+) and 225 u 

([104+ 120+H]+; and the API-MS/MS parent ion spectrum of the 121 u ion peak showed ions 

at 179 u ([120+58+H]+), 225 u ([120+104+H]+), 241 u ([120+120+H]+, 267 u 

([120+102+44+H]+) and 281 u ([120+102+58+H]+). 

API-MS and API-MS/MS spectra of the products of reacted ~ - 2,3-dimethyl-2-butene-

air mixtures showed the presence of ion peaks at 59, 99, 101, 117, 147, 159, 193, 210, 235, 

253, and 269 u. The 59 u ion peak was attributed to the [M + H]+ ion of acetone, with the 117 

u ion peak being attributed to the protonated homodimer of acetone. In addition to the fonnation 

of acetone as a product, API-MS/MS daughter ion and parent ion spectra of ion peaks at 119 

u and 135 u were carried out together with API-MS/MS daughter ion or parent ion spectra of 

the 101, 117, 201 and 253 u ions. These API-MS/MS spectra indicated the presence of products 

of molecular weight 118 and 134 u (in addition to acetone). API-MS/MS daughter ion spectra 

showed that the 101 and 117 u ion peaks were strong fragment ions (-H2O) of the 119 and 135 

u ion peaks, respectively. The API-MS/MS parent ion spectrum of the 119 u ion peak showed 
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ions at237 u (118+118+H]+, 253 u ([118+134+H]+) and 271 u ([118+134+H2O+Hj+), and 

the API-MS/MS parent ion spectrum of the 135 u ion peak showed ions at 253 u 

([134+118+Hj+) and 269 u ([134+134+Hj+). 

Discussion 

Reactions in the Presence of NO 

The GC-FID and FT-IR spectroscopic product formation yield data given in Table 4 and 

the qualitative API-MS data all show that the dominant products of the gas-phase reactions of 

the OH radical with 2-methylpropene, cis-2-butene, 2-methyl-2-butene and 2,3-dimethyl-2-butene 

in the presence of NO are the two carbonyls arising from decomposition of the intermediate /3-

hydroxyalkoxy radical(s) and /3-hydroxynitrates formed in the reaction of the /3-hydroxyalkyl 

peroxy radicals with NO. Formation of organic nitrates from the reactions of the OH radical 

with cis-2-butene and 2,3-dimethyl-2-butene in the presence of NO has been reported previously 

by Muthuramu et al. (1993) and Niki et al. (1987), respectively. Muthuramu et al. (1993) 

reported the formation of the /3-hydroxynitrate CH3CH(OH)CH(ONOJCH3 from the reaction of 

the CH3CH(OH)CH(OO)CH3 radical with NO in a 3.7 ± 0.9% yield, while Niki et al. (1987) 

reported a yield of an organic nitrate, presumed to be (CH3)iC(OH)C(ONOi)(CH3)i, of 15% of 

the overall reaction products from the OH radical-initiated reaction of 2,3-dimethyl-2-butene in 

the presence of NO. Our present semi-quantitative FT-IR data for the formation of 

hydroxynitrates from the cis-2-butene and 2,3-dimethyl-2-butene reactions are reasonably 

consistent with these data of Muthuramu et al. (1993) and Niki et al. (1987). Only for the 2,3-

dimethyl-2-butene reaction has carbonyl data previously been obtained, and Niki et al. (1987) 

reported an acetone yield of 1.7 ± 0.1 for this reaction, in excellent agreement with both our 

GC-FID and FT-IR data (Table 4). 

The major discrepancy between the GC-FID analyses and the FT-IR absorption 

spectroscopic analyses arises for the 2-methylpropene reaction, where the GC-FID quantification 

of acetone is 12% lower than the FT-IR data. For all four reactions, hydroxynitrate formation 

from the /3-hydroxyalkyl peroxy radical + NO reaction accounts for ~ 10% of the overall 

products observed, with decomposition of the /3-hydroxyalkoxy radical dominating over the 

alternative isomerization and 0 2 reaction and leading to the formation of the carbonyls expected 
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from > C =C < bond cleavage in -90% yield each. These experimental data are consistent 

with the estimated rates of decomposition and reaction with 0 2 of the intennediate {3-

hydroxyalkoxy radicals (Atkinson, 1997a,b) [isomerization via a 6-member transition state is not 

possible for any of the intem1ediate /j-hydroxyalkoxy radicals formed in these reactions]. In 

particular, the API-MS analyses showed no evidence for the formation of the hydroxycarbonyls 

which would be formed from reaction of the intermediate /j-hydroxyalkoxy radicals with Oi
It could not be established in the present work whether the product of the 2-methyl-2-butene 

reaction with the 1736 cm·1 absorption band (Figure 20D) was due to the presumably stable 

hydroxyketone (CH3)iC(OH)C(O)CH3, or not. 

Reactions in the Absence of NO 

The products suggested by the API-MS and API-MS/MS analyses are listed in Table 5. 

These are those expected from the general reaction sequence (taking the 2-methyl-2-butene 

reaction as an example): 

. { (CH3) 2C(OH)CH(O)CH3 + RO + 0 2 (31a) 
(CH3)iC(OH)CH(OO)CH3 + R02 

(CH3) 2C(OH)C(O)CH3 (31b) 
+ (CH3)iC(OH)C(OH)CH3 + R02 products 
+ 02 

(32) 

followed by the decomposition reaction of the P-hydroxyalkoxy radicals to lead to the same 

carbonyls as observed from the reactions in the presence of NO (see above) [acetaldehyde plus 

acetone for the 2-methyl-2-butene reaction]. 
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Table 5. Products formed from the gas-phase reactions of the OH radical with methyl
substituted ethenes in the absence of NO, as observed by API-MS and API
MS/MS analyses 

Alkene MW product Tentative identification 

Propene 44 

76 

92 

2-Methylpropene 58 

88 

90 

106 

cis-, trans-2-Butene 44 

88 

90 

106 

CH3CH(OH)CH2OH 

CH3CH(OOH)CH2OH, CH3CH(OH)CHPOH 

(CH3) 2C(OH)CHO 

(CH3) 2C(OH)CH2OH 

(CH3) 2C(OOH)CH2OH, (CH3) 2C(OH)CH2OOH 

CH3CH(OH)C(O)CH3 

CH3CH(OH)CH(OH)CH3 

CH3CH(OOH)CH(OH)CH3 
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Table 5. Products forme.d from the gas-phase reactions of the OH radical with methyl
substitute.d ethenes in the absence of NO, as observed by API-MS and API
MS/MS analyses (continue.d) 

Alkene MW product Tentative identification 

2-Methyl-2-butene 44 CH3CHO 

58 CH3C(O)CH3 

102 (CH3hC(OH)C(O)CH3 

104 (CH3)2C(OH)CH(OH)CH3 

120 (CH3)2C(OOH)CH(OH)CH3, 

(CH3) 2C(OH)CH(OOH)CH3 

2,3-Dimethyl-2- 58 CH3C(O)CH3 

butene 118 (CH3)2C(OH)C(OH)(CH3)2 

134 (CH3)2C(OOH)C(OH)(CH3)2 
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5. PRODUCTS OF THE GAS-PHASE OH AND NO3 RADICAL-INITIATED 
REACTIONS OF NAPHTIIALENE 

Introduction 

Naphthalene is the simplest polycyclic aromatic hydrocarbon (PAH), and the most 

abundant PAH in polluted urban areas (Arey et al., 1987, 1989). Previous studies have shown 

that in the gas phase naphthalene reacts with OH radicals and N~ radicals by initial addition 

of these radicals to the aromatic rings (Atkinson, 1989, 1991; Atkinson et al., 1990, 1994c; 

Atkinson and Arey, 1994). No gas-phase reaction of naphthalene with ~ has been observed 

(Atkinson and Carter, 1984; Atkinson, 1994). The gas-phase OH radical and N03 radical 

reactions have been shown to proceed by initial addition to the aromatic rings to form 

hydroxycyclohexadienyl- and nitrooxycyclohexadienyl-type radicals, which can back-decompose 

to the reactants or react with NOi or 0 2 to yield products (Lorenz and Zellner, 1983; Atkinson, 

1989, 1991; Atkinson et al., 1990, 1994c; Koch et al., 1994), where X = OH or ON02 

(Reaction Scheme 5). 

H X 

X + (and other isomer) 

products products 

Reaction Scheme 5 
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In the troposphere the OH-naphthalene adduct is sufficiently thermally stable that its removal 

reactions are with NOi and/or ~ (Lorenz and 2.ellner, 1983; Atkinson, 1989; Koch el al., 

1994). However, at room temperature the N03-naphthalene adduct decomposes rapidly in 

competition with its reactions with NO-z and 0 2 (Atkinson el al., 1990, 1994c; Atkinson, 1991), 

and we have recently shown that k/k-c < 4 x 10-7 at room temperature and atmospheric pressure 

(Atkinson el al., 1994c). The loss processes of naphthalene in the troposphere are therefore 

with the OH radical and the N~ radical (Atkinson and Arey, 1994), with the naphthalene 

lifetimes due to these reactions being given by (2.2 x 10-11 [OH]}"1 (Atkinson, 1989) and (3.6 x 

1012 310-11[N03J[NO:J)"1 for NOi concentrations ~2 x molecule cm· (Atkinson, 1991), 

respectively, with the OH radical reaction being expected to dominate under most conditions 

(Arey et al., 1989; Atkinson and Arey, 1994). 

Previous product studies of the gas-phase OH radical-initiated reaction of naphthalene 

(Pitts et al., 1985; Atkinson et al., 1987; Bunce and Zhu, 1994; Lane and Tang, 1994) have 

shown that the OH radical reaction in the presence of N01 leads to the formation of 

nitronaphthalenes (Atkinson et al., 1987), naphthols (Atkinson et al., 1987) and a number of 

ring-opened products (Bunce and Zhu, 1994; Lane and Tang, 1994), with measured formation 

yields of the nitronaphthalenes and naphthols of -0.6% and -10%, respectively (Atkinson eJ 

al., 1987). The N03 radical-initiated reaction has been shown to form 1- and 2-nitronaphthalene 

in -16% and ~7% yields, respectively (Pitts et al., 1985; Atkinson et al., 1987). 

Clearly, a large fraction of the products from these atmospherically-important reactions 

of naphthalene have not been identified or quantified to date. In this work, we have used gas 

chromatographic (GC) techniques together with in situ direct air sampling, atmospheric pressure 

ioniz.ation tandem mass spectroscopy (API-MS) to investigate the products of the gas-phase 

reactions of OH radicals and N~ radicals with naphthalene in the presence of N01 • 

Experimental 

Experiments were carried out in 6500-7900 liter all-Teflon chambers equipped with two 

parallel banks of blacldamps at 296 ± 2 K and 740 Torr total pressure of purified air at a 

relative humidity of - 5% • Two series of experiments were carried out with analyses by GC 

with flame ionization (GC-FID), mass spectrometric (GC-MS) or Fourier transform infrared 
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(GC-FfIR) detection and by API-MS, respectively, and these two sets of experiments used 

different reactant concentrations. Naphthalene was introduced into both chambers by flushing 

a Pyrex tube packed with solid naphthalene with a stream of N2 gas at a flow rate of - 2 liter 

min•' for - 45 mins. The NO and initial NO2 concentrations during these experiments were 

monitored using a Thermo Environmental Instruments, Inc., Model 42 chemiluminescence NO

NOi-NO1 analyzer (7900 liter chamber with GC analyses) or a Columbia Scientific Industries 

CSI 1600 oxides of nitrogen analyzer (6500 liter chamber with API-MS analyses). For both 

series of experiments, OH radicals were generated by the photolysis of methyl nitrite (CH3ONO) 

in air at wavelengths >300 nm (Atkinson et al., 1981), and NO was added to the reactant 

mixtures to suppress the fonnation of O:i and hence NO3 radicals (Atkinson er al., 1981). For 

both series of experiments, NO3 radicals were generated from the thermal decomposition ofN2O5 

(Atkinson et al., 1984), 

(33) 

and NO2 was added to the reactant mixtures to ensure that the NOi-naphthalene adduct reacted 

only with NOi [reaction (c)] and to minimize reactions of naphthalene with species other than 

NO3 radicals (Atkinson et al., 1987). 

Reactions with Gas Chromatographic Analyses. Reactions were carried out in a 7900 liter all

Teflon chamber. For the OH radical-initiated reactions, the initial reactant concentrations (in 

molecule cm·3 units) were: CH3ONO, (0.41-2.16) x 1014
; NO, -2.4 x 1014; naphthalene, 

(1.99-2.18) x 1013
; and 1,4-dichlorobenzene (as an internal standard; see below), (l.83-2.17) 

x 1013
• Irradiations were carried out at 20% of the maximum light intensity for 5-10 min for 

the experiments with initial CH3ONO concentrations of (2.13-2.16) x 1014 molecule cm·3, and 

5-20 min for the experiment with the lower initial CH3ONO concentration of 4.1 x 1013 molecule 

cm·3• For the NO3 radical-initiated reactions, the initial reactant concentrations (in molecule cm·3 

units) were: NOi, (4.06-4.25) x 1013
; naphthalene, (1.89-1.95) x 1013

; and 1,4-

dichlorobenzene (an internal standard), (1.65-2.17) x 1013
• One addition of N2O5, corresponding 
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to an initial concentration in the chamber of (1.68-2.02) x 1013 molecule cm·', was made to the 

chamber during these experiments. 

During both the OH radical- and NO, radical-initiated experiments, naphthalene and 1,4-

dichlorobenzene were analyzed by collecting 100 cm' volume gas samples from the chamber 

onto Tenax-TA solid adsorbent, with subsequent thermal desorption at ~225 "C onto a 60 m 

DB-5MS megabore column in a Hewlett Packard (HP) S890 GC, initially held at O"C and then 

temperature programmed to 160 "C at 20 "C min•1 and then to 250 "C at 10 "C min·1• Larger 

volume ( ~ 15 liter) gas samples were collected onto Tenax-TA solid adsorbent at ~0.4S liter 

min•• for the quantification of naphthalene, 1,4-dichlorobenzene and reaction products, with 

subsequent elution with 1 ml of diethyl ether. The eluate volume was reduced to - 500 µ.l, as 

measured with a 500 µ.l syringe, and a 2 µ.l aliquot was analyzed by GC-FID on a 60 m DB-

5MS column (0.25 mm ID, 25 µm film thickness) in an HP 5890 GC, held at 40 "C and then 

temperature programmed to 120 "C at 20 °C min·1 and then to 280 "C at 6 °C min•1
• Replicate 

injections using the same temperature program and GC column type were carried out using an 

HP 5890 GC interfaced to an HP 5970 mass selective detector operated in the scanning mode 

to confirm the identities assigned to the product peaks. GC-FID response factors were measured 

using authentic standards when available, or were estimated using the calculated Effective 

Carbon Numbers (ECN) (Scanlon and Willis, 1985). Several tentative product identifications 

were made based on structural information from GC-MS analyses with both electron impact and 

chemical ionization and on GC-FfIR analyses. 

Reactions with .A.Pl-MS .Analyses. Reactions of naphthalene and naphthalene-d1 with OH 

radicals and NO3 radicals in the presence of NOx were carried out in a 6500 liter all-Teflon 

chamber interfaced to a PE SCIEX API ill MS/MS direct air sampling, atmospheric pressure 

ionization tandem mass spectrometer (API-MS). For the OH radical-initiated reactions, the 

initial CH3ONO, NO and.naphthalene concentrations were equal at either -1.2 x 1013 molecule 

cm·' or -1.2 x 1014 molecule cm·', and irradiations were carried out at 20% of the maximum 

light intensity for 2-6 min (lower concentration experiments) or at the maximum light intensity 

for 1.5-2.5 min (higher concentration experiments). For the NO, radical-initiated reactions, the 

1013initial naphthalene and NC>i concentrations were equal at (1.2-12) x molecule cm·', and 
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typically one addition of N2O5 {corresponding to initial N2Os concentrations in the chamber of 

(0.28-17) x 1ou molecule cm·') was made to the chamber during an experiment. 

The 6500 liter Teflon chamber was interfaced to a PE SCIEX API III MS/MS instrument 

via a 25 mm diameter x 75 cm length Pyrex tube, with a sampling flow rate of - 20 liter min••. 

The operation of the API-MS in the MS (scanning) and MS/MS [with collision activated 

dissociation (CAD)] modes has been described elsewhere (Kwok el al., 1995, 1996a,b; Atkinson 

et al., 1995d). Use of the MS/MS mode with CAD allows the •daughter ion• or •parent ion• 

spectrum of a given ion peak observed in the MS scanning mode to be obtained (Kwok et al., 

1995, 1996a,b). The JX>Sitive ion mode was used in all these API-MS and API-MS/MS 

analyses, with protonated water hydrates {H3O+{H2O)J generated by the corona discharge in the 

chamber diluent gas being resJX>nsible for the protonation of analytes, 

(34) 

where M is the neutral analyte of interest. Ions are drawn by an electric JX)tential from the ion 

source through the sampling orifice into the mass-analyzing first quadruJX>le or third quadruJX>le. 

Neutral molecules and particles are prevented from entering the orifice by a flow of high-purity 

nitrogen C-curtain• gas), and as a result of the declustering action of the curtain gas on the 

hydrated ions, the ions that are mass-analyzed are mainly protonated molecular ions ([M+H]+}. 

Gas samples were also collected onto Tenax-TA solid adsorbent for analyses by GC-FID 

and GC-MS, using the procedures described above. 

Chemicals. The chemicals used, and their stated purities, were: 1,4-dichlorobenzene (99+ %}, 

naphthalene (98%), naphthalene-di (98+ %), 1-nitronaphthalene (99%), 2-nitronaphthalene 

(98%), 1-naphthol (99+%), 2-naphthol (99%), 1,4-naphthoquinone (97%), 2-nitro-1-naphthol 

(99%), Aldrich Chemical Company; and l-nitro-2-naphthol (purity not stated), TCI America. 

2-Formyl-trans-cinnamaldehyde was synthesized from the ozonation of naphthalene in 

solution, using the methods described by Bailey and Erikson (1961). 2-Formyl-trans

cinnamaldehyde was purified from the reaction mixture by normal-phase high performance liquid 

chromatography (HPLC} with elution by 97% CH2Cl/3% CH3CN (both HPLC grade, Fisher 
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Scientific) using a semi-preparative silica column (5 µm, 25 cm length x 10 mm id). After 

HPLC fractionation, the fractions containing 2-formyl-trans-cinnamaldehyde were combined and 

evaporated to ~0.5 ml volume. The sample was then solvent exchanged into CDC13 using a 

procedure similar to that described by Hakola et al. (1993). After being dissolved in 0.5 liter 

of HPLC-grade water (Fisher Scientific), the sample was applied to a prewetted 500 mg C11 SPE 

column (Burdick and Jackson). The water remaining on the column was removed with a gentle 

stream of N2 gas and the sample eluted off the column with ~ 700 µl of CDC)i. 1H NMR and 

COSY spectra were obtained using a GE 300 MHz NMR spectrometer. 

Methyl nitrite and N20s were prepared and stored as described previously (Atkinson et 

al., 1981, 1984), and N~ was prepared as needed by reacting NO with an excess concentration 

of 0 2• 

Results 

OH Radical Reaction. Shown in Figure 26 is a chromatogram typical of those resulting from 

GC-FID analyses of products from irradiated CH30NO - NO -naphthalene - air mixtures 

sampled on Tenax-TA solid adsorbent and eluted with diethyl ether. Similar chromatograms of 

reaction products resulted from OH radical-initiated reactions of naphthalene-<fa. A total of 16 

product peaks are labeled in Figure 26 and the following products were identified by GC-MS 

and quantified by GC-FID utilizing authentic standards: 1,4-naphthoquinone, 1-naphthol, 2-

naphthol, 1-nitronaphthalene, 1-hydroxy-2-nitronaphthalene and 2-hydroxy-1-nitronaphthalene. 

Because it was not resolved from a product of m.w. 176, 2-nitronaphthalene was quantified by 

GC-MS utilizing the area of its molecular ion peak. 2-Formylbenzaldehyde and phthalic 

anhydride were identified by matching their MS and FflR spectra with available libraries 

(EPA/NIH, 1980; Pouchert, 1989; EPA, 1990) and quantified based on their ECN. 

API-MS positive ion spectra of irradiated CH30NO - NO - naphthalene - air and 

CH30NO - NO - naphthalene-<fa - air mixtures are shown in Figure 27 (top) and 27 (bottom), 

respectively. Based on GC-MS analyses and confirmed by API-MS and API-MS/MS spectra 

of authentic standards of 1,4-naphthoquinone, 1-naphthol, 1-nitronaphthalene and 1-hydroxy-

2-nitronaphthalene, product ion peaks observed from the naphthalene reaction were attributed 

83 



I r 
I I 

C70 
::n Response 
c::: 

~a 0 
N 
?' naphthalene 

2-formylbenzaldehyde 

~ Cl 
;:;: (j 
Q.. '~@ I 'f- phthalic anhydride 

~ 
i~

0 

(JI::, 0 
.... 3 

II>~s I~ m.w. 160 (#1) Oc,o 
1,4-naphthoqulnone

::0~~ (t) 
0 0 

(t)(IQ .... -
e: Er :::, 
' 0 -"O Q.. m.w. 160 (#2) 
:r -· 

~ ; s- 1-naphthol 
0 ';S. ---m.w.174 
::c: 0 2-naphthol 

m.w. 160 (#3) 
1~1

~~ 
Q....,

[~ 3 
5" 

' !;; - l ';-- m.w. 160 {#4)s· ft 
-·oer. ..., 
II> II> 

"> I ?=--- 1-nitronaphthalene8. !(l UI 

5 .g
o- m.w. 176 (#1)er. o 
0 8 I > m.w. 176 (#2) and 2-nltronaphthalene :::, == g,g 
~[ I F 2-hydroxy-1-nltronaphthalene 

1-hydroxy-2-nitronaphthalene:r
Er:::,

0 

a~ 80 ::, 

~ ~ 



161 
100 A 

50 

115 

135 

- 133 
~ 
~ 

117 

(I) 
(/) 
C 
0 0a. 
(/) 
(I) 141a: 100 B 
(I) 

.2: 
iii-a;
a: 

169 

50 

122 

153 

0 110 120 130 140 150 160 170 180 190 200 

m/z 

Figure 27. API-MS spectra of irradiated CH3ONO - NO - naphthalene - air (A) and 
CH3ONO - NO - naphthalene-da - air (B) mutures. 

85 



to: 135 u, [M + H] + of 2-formylbenzaldehyde; 144 u, [M]+ of naphthol(s); 149 u, [M + HJ+ of 

phthalic anhydride; 159 u, [M+H]+ of 1,4-naphthoquinone; and 189 u, [M]+ of 

hydroxynitronaphthalene(s). Corresponding ion peaks were observed from the naphthalene-<Is 

reaction at 141 u ([M+H]+ of 2-fonnylbenzaldehyde-dJ [this ion peak is also a fragment ion, 

see below], 151 u ([Mj+ of naphthols-d7), 153 u ([M + H] + of phthalic anhydride-d4) and 165 u 

([M +HJ+ of 1,4-naphthoquinone-dJ. 

At least seven additional products were observed in the GC analyses. Four of these 

products, two of which were formed in relatively high yield (see below), are labelled m.w. 160 

(#1), (#2), (#3) and (#4) in Figure 26 and their EI mass spectra were all very similar with base 

peaks at m/z 131 and significant fragment ion peaks at m/z 103 and m/z 77. Only the fourth 

peak to elute showed a small molecular ion at m/z 160, but chemical ionization MS showed that 

all four products were of molecular weight 160 u from the naphthalene reaction and 168 u from 

the naphthalene-d8 reaction. GC-FTIR analyses of the naphthalene reaction products indicated 

the presence of aldehydic -CHO group(s) in m.w. 160 peaks #1, #2 and #3 by the presence of 

absorption bands at 2715 and 2816 cm·1
, 2731 and 2834 cm·1

, and 2733 and 2817 cm·1, 

respectively, and C =0 stretch bands at 1740 and 1789 (doublet) cm·1
, 1706 cm·1

, and 1713 cm·1, 

respectively. The molecular weight 160 peak #4 showed only the presence of a C=O stretch 

band at 1762 cm·1 and no evidence for aldehydic C-H stretch bands in the 2700-2850 cm·1 

region. 

API-MS and API-MS/MS spectra of the naphthalene and naphthalene-d8 reactions also 

showed the presence of a dominant product ion peak at 161 and 169 u, respectively (Figure 27). 

API-MS/MS CAD spectra of these 161 and 169 u ion peaks from the naphthalene and 

naphthalene-d8 reactions, respectively, are shown in Figure 28, and both spectra show losses 

from the [M +HJ+ parent ion of CO, CO2 and 2CO2• The naphthalene reaction product also 

shows losses of HP and CO+H2O, while the naphthalene-d8 product shows corresponding 

losses of HDO and CO+HDO and CO+D2O. 

Based on an excellent match of their GC retention times and mass spectra, a product 

isolated from the ozonation of naphthalene in solution was determined to be identical to the m. w. 

160 peak #3 of the OH radical-initiated reaction of naphthalene. Sufficient compound was 

isolated from the solution ozonation to allow its identification by 1H NMR spectroscopy as 
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2-fonnyl-trans-cinnamaldehyde (I). The 1H NMR data for this compound is presented in Table 

6 along with NMR data for trans-cinnamaldehyde (II). Note the similarity in the chemical shifts 

for the aldehydic and vinylic protons HA and H8 between I and II. The effect of the second 

aldehyde group is clearly seen in the downfield shifts of both He and Ho and the second 

aldehydic proton is observed as a singlet at 10.23 ppm. 

The chromatographic behavior of the m.w. 160 products #2 and #3 and the close 

correspondence of the MS and IR spectra of these two products leads to the tentative 

identification of product #2 as 2-forrnyl-cis-cinnamaldehyde. Both 2-formyl-cis-cinnamaldehyde 

and 2-formyl-trans-cinnamaldehyde have been reported to be formed in liquid-phase ozonolysis 

with naphthalene (Larson el al., 1986; Marley et al., 1987), with 2-formyl-cis-cinnamaldehyde 

photoisomerizing to 2-formyl-trans-cinnamaldehyde (Larson et al., 1986). 

The other significant product observed in the GC analyses had a highest mass peak in the 

EI GC-MS analyses of 176 u from the naphthalene reaction and 183 u from the naphthalene-<fs 

reaction, respectively. API-MS and API-MS/MS spectra of the naphthalene and naphthalene-<11 

reactions showed ion peaks at lTI and 184 u, respectively, consistent with the GC-MS analyses, 

and indicating the presence of seven non-exchangeable H atoms and one exchangeable H atom. 

The exchangeable H is assumed to be associated with an -OH group which has undergone rapid -

OD to -OH exchange in the chamber, as observed previously (Kwok et al., 1995, 1996a,b; 

Atkinson et al. , 1995d).. The API-MS/MS spectrum of the 177 u ion peak from the naphthalene 

reaction showed fragment ions resulting from losses of H20, CO, CO+ H20, 2CO and 

2CO+ H20. The IR spectrum of this product from GC-FTIR analyses showed absorption bands 

at 3615 cm·1 (attributed to an -OH stretch) and 1712 cm·1 (attributed to a C=O stretch), but no 

evidence for an aldehydic C-H stretch in the 2700-2850 cm·1 region. These data imply the 

presence of C=O groups and the presence of an -OH group(s) and suggest that this product 

contains hydroxy, epoxide and ketone-carbonyl groups. 

In general, the observed products can also react with the OH radical during the reactions, 

and hence these secondary reactions of the various products with the OH radical need to be taken 

into account. While OH radical reaction rate constants have been measured for 1,4-

naphthoquinone and 1- and 2-nitronaphthalene (Atkinson, 1989), rate constants are not available 

for the other products observed. Rate constants for these other products were either estimated 
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Table 6. 1H NMR chemical shifts, multiplicities, and coupling constants for 2-formyl
trans-cinnamaldehyde {I) and trans-cinnamaldehyde (II) in CDCl3, GE 300 MHz 
NMR . 

I II 

Proton Chemical shift Proton Chemical shift 
(ppm) (ppm) 

HA 9.82 (d,lH) HA 9.72 (d,lH) 

He 6.68 (dd,lH) He 6.73 (dd,lH) 

He 8.58 (d,lH) He 7.49 (d,lH) 

H0 ,H1,,Hp 7.65-7.73 (m,3H) H0 ,H1,,Hp,fio,HH 7.42-7.60 (m,5H) 

Ho 7.88-7.92 (m,lH) 

HH 10.23 (s, IH) 

COSY shows COSY shows 
coupling between: coupling between: 

HA and He (J=7.9 Hz) HA and He (J=7.5 Hz) 

H8 and He (J=15.6 Hz) H11 and He (1=16.0 Hz) 
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from the chemical structures of the products (Kwok and Atkinson, 1995) or based on linearizing 

plots of the amounts of product fonned against the amounts of naphthalene reacted. For 

example, Figure 29 shows plots of the amounts of 1,4-naphthoquinone and the molecular weight 

176 product fonned, corrected for reaction with the OH radical, against the amounts of 

naphthalene reacted. The product fonnation yields obtained from least-squares analyses of such 

plots are given in Table 7, and the rate constants used for the reactions of the OH radical with 

these products are noted in the footnotes to Table 7. 

Figure 30 shows the time-concentration behavior of 2-fonnyl-cis-cinnamaldehyde and 2-

fonnyl-trans-cinnamaldehyde. The observed behavior suggests that either: (A) the 2-fonnyl-cis

cinnamaldehyde is fonned in relatively high yield and that this isomer reacts rapidly, while the 

trans isomer is fonned in lower yield but is much less reactive; (B) that 2-fonnyl-trans

cinnamaldehyde is formed from the cis-isomer (by photolysis) and that the measured time

concentration profile of the trans-isomer is due to its formation from the cis-isomer and loss by 

reaction and/or photolysis; or (C) that the cis- and trans- isomers are interconverted by 

photolysis during the experiments and possibly also during the sampling and analysis procedures 

(note the anti-correlation between the concentrations of the cis- and trans- isomers at the greatest 

extent of reaction for the "high-OH" experiments in Figure 30) and that these two isomers are 

lost by reaction with the OH radical and/or photolysis. As shown in Figure 30, the observed 

behavior of the cis-isomer is consistent with a formation yield of ~ 0.33 and predominant loss 

by photolysis, while assuming case (A), the formation yield of the trans-isomer is ~ 9% with 

a much lower loss rate by photolysis and OH radical reaction than the cis-isomer. It is expected 

that the rate constants for reaction of the OH radical with 2-formyl-cis-cinnamaldehyde and 2-

formyl-trans-cinnamaldehyde should be similar at ~ (5-7) x 10·11 cm3 molecu1e·1 s·1 at room 

temperature (Kwok and Atkinson, 1995; Smith et al., 1996), and assumption (A) does not 

appear tenable. Calculations showed that the assumption that the cis-isorner photoisomerizes to 

the trans-isomer [assumption (B)] is consistent with the data, but the amount of trans-isomer 

calculated to be formed from the "high-OH" experiments is marginally enough to fit the 

observed trans-isomer concentration data and necessitates that the trans-isomer can only react 

or photolyze slowly. With assumption (C), the sum of the cis- and trans- isomers are reasonably 

consistent with a (ormation yield of ~0.35 and a rate constant for reaction with the OH radical 
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Figure 29. Plots of the amounts of the molecular weight 176 products and 1,4-
naphthoquinone against the amounts of naphthalene reacted with the OH radical. 
The measured concentrations of the two products were corrected for reaction with 
the OH radical as noted in the text and footnotes d and j of Table 7. 
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Table 7. Products observed, and their formation yields, from the gas-phase OH radical
and N~ radical-initiated reactions of naphthalene 

Formation yield from reaction with• 

Product OH radical N~ radical 

2-Formylbenz.aldehyde -0.02Jb 

Phthalic anhydride -0.03° 

1,4-Naphthoquinone 0.010 ± 0.0031 0.019 ± 0.011• 

MW 160 #1 0.014 ± 0.003° 

2-Formyl-dnnamaldehyde 0.35+~?: ' 

(cis- + trans-) 

MW 160 #4 0.015 ± 0.003· 

1-Naphthol 0.029 ± 0.0151 observedt 

2-Naphthol 0.038 ± 0.011• observedt 

1-Nitronaphthalene 0.012 ± 0.0094 0.244 ± 0.0651 

2-Nitronaphthalene 0.013 ± 0.011• 0.110 ± 0.0364 

1-Hydroxy-2-nitronaphthalene 0.011 ± 0.011 11 0.015 ± 0.019°·1 

2-H ydrox y-1-ni tronaphthalene 0.012 ± 0.014°·1 

MW 174 -0.05i 

MW 176 0.13 ± O.OJi 

Total -0.67 ± 0.11 ~0.40"' 
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1 

Indicated uncertainties are two least-squares standard deviations of the data, unless 
noted otherwise, and do not include uncertainties in the GC-FID response factors for 
naphthalene and the products [estimated to be± -(5-10)%]. 

Expected to be a secondary product formed from reaction of 2-formyl
cinnamaldehyde with the OH radical (see text). 

May be a secondary product. 

Corrected for secondary reactions using the literature OH or N~ radical reaction rate 
constants (Atkinson, 1989, 1991). 

Data showed no evidence for reaction of the product with the OH radical, and hence 
no correction for secondary reaction was made. 

See text. Uncertainties are estimated. 

Corrected for secondary reactions with the OH radical using a rate constant of 
11 x 10-10 cm3 molecule·1 s· • Data suggested that 1-naphthol reacted more rapidly, and 

x 1010use of a rate constant for reaction with the OH radical of 2 cm3 molecule·1 s·1 

resulted in a yield of 0.067 ± 0.022. Data suggest that 2-naphthol may react slower, 
and hence the cited formation yield may be high. 

Corrected for secondary reaction with the OH radical using a rate constant of 2.5 x 
10-11 1cm3 molecule·1 s· • May be a secondary product formed from 1-naphthol. 

Tentatively identified as 2,3-epoxy-1,4-naphthoquinone. No correction made for 
secondary reactions with the OH radical. 

Data indicate reaction with the OH radical, and a rate constant of 5.0 x 10-11 cm3 

molecule·1 s·1 has been used (which linearizes the plot of amount formed, corrected 
for reaction, against the amount of naphthalene reacted). 

t Concentrations too low to quantify. 

No correction made for secondary reaction. 

• Because of the expected high reactivity of 1- and 2-naphthol towards N~ radicals 
(with reaction rates relative to that of naphthalene of - 50-500 for the NOi 
concentrations used), significant amounts of the reaction products could have 
proceeded via the initial formation of 1- and 2-naphthol. 
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Figure 30. Plots of the measured amount of 2-formyl-cis-cinnamaldehyde (0, •> and 2-
formyl-trans-cinnamaldehyde (A,_.) against the amounts of naphthalene 
reacted with the OH radical. The open symbols are for the experiments 
carried out with a CH3ONO concentration of (2.13-2.16) x 101◄ molecule cm·3 

and the filled symbols are for the experiment carried out with a CH3ONO 
concentration of 4.1 x 10'3 molecule cm·3• The solid lines are for a molar 
yield of the 2-formyl-cis-cinnamaldehyde of 0.33, a rate constant for reaction 
with the OH radical of 6.5 x 10-11 cm3 molecule·• s·• and a photolysis rate of 
0.146 min••. The dashed lines are for a molar yield of the 2-formyl-trans
cinnamaldehyde of 0.09, a rate constant for reaction with the OH radical of 
5.4 x 10-12 cm3 molecule·• s·• and a photolysis rate of 0.055 min••. 
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of - 4 x 10-11 cm3 molecule·1 s·• [reasonably consistent with expectations (Kwok and Atkinson, 

1995; Smith et al., 1996)] and removal by photolysis at a rate of 0.045 min·• for the light 

intensity and spectral distribution conditions used here (Figure 31) [increasing the OH radical 

reaction rate constant to 5.4 x 10-11 cm3 molecule·' s·1 increases the formation yield of the two 

isomers to -0.40, with a similar data quality as shown in Figure 31]. Clearly, studies of the 

rates and products of photolysis and reaction with the OH radical of both 2-formyl-cis

cinnamaldehyde and 2-formyl-trans-cinnamaldehyde are needed before the precise interactions 

between these naphthalene reaction products and assumptions (A) through (C) can be elucidated. 

However, it is equally clear that the formation yield of 2-formylcinnamaldehyde from the OH 

radical reaction with naphthalene in the presence of NO is ~0.35. 

By analogy with the observed formation of benzaldehyde from the reaction of 

cinnamaldehyde with the OH radical (Smith et al., 1996), 2-formylberu:aldehyde is expected to 

be formed from the OH radical reaction with 2-formylcinnamaldehyde and hence is viewed as 

a second-generation product; the same may be the case for phthalic anhydride and l-hydroxy-2-

nitronaphthalene (fable 7). Reaction Scheme 6 shows the reaction pathways leading to the 

formation of the majority of the products observed, which account for ~ 67 % of the overall 

reaction products. The only previous product study which reported quantitative product 

formation yields was that previously carried out in this laboratory (Atkinson et al., 1987). The 

formation yields obtained in that study (Atkinson et al., 1987) were: 1-nitronaphthalene, 0.0032 

± 0.0028; 2-nitronaphthalene, 0.0027 ± 0.0034; 1-naphthol, 0.071 ± 0.043; and 2-naphthol, 

0.042 ± 0.025 (with the measured naphthol concentrations being corrected for secondary 

reactions using the same estimated rate constant of 1 x 10-10 cm3 molecule·' s·1 as used here in 

Table 7). The present data (fable 7) are in reasonable agreement with our previously measured 

yields, especially considering the low formation yields of these products and the expected 

dominance of secondary reactions for the naphthols. 

NO, Radical Reaction. GC-FID analyses of reacted N~ - NO2 - N2O5 - naphthalene (and 

naphthalene-d1) - air mixtures yielded chromatograms such as that shown in Figure 32. From 

matching of the GC retention times, mass spectra and IR spectra with those of authentic 

standards, concurrent GC-MS and GC-FTIR analyses of the naphthalene and naphthalene-d1 

95 



Nbo~~~--~--~-~--~--~-~--~ 
T"" 0 0.4 0.8 1.2 1.6 X 1013 

-A [NAPHTHALENE] molecule cm·3 

Figure 31. Plots of the amounts of 2-formylcinnamaldehyde (cis + trans) against the 
amounts of naphthalene reacted with the OH radical. 0 - experiments carried 

1014 3out with a CH3ONO concentration of (2.13-2.16) x molecule cm· ; .1 -
experiment carried out with a CH3ONO concentration of 4.1 x 10° molecule 

3cm· • The measured concentrations have been corrected for reaction with the OH 
radical with a rate constant of 4.1 x 10-11 cm3 molecu1e·1 s·1 and for removal by 
photolysis at a rate of 0.045 min•1 under the experimental conditions used. 
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GC-FID chromatogram of the diethyl ether eluate of a sample collected on TenaxFigure 32. 
solid adsorbent from the gas-phase No.i radical-initiated reaction of naphthalene. 
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reactions showe.d that 1- and 2-nitronaphthalene, 1,4-naphthoquinone, 1-nitro-2-naphthol, 2-nitro-

1-naphthol and 2-naphthol were products of the NO, radical-initiated reaction (the amounts of 

2-naphthol forme.d were too low for quantification to be carrie.d out). 

API-MS and API-MS/MS analyses of reacte.d NO, - NOz - N2O5 - naphthalene - air and 

NO3 - NOz - N2O5 - naphthalene-d1 - air mixtures showe.d ion peaks at 115, 144, 155, 157, 159, 

174 (dominant) and 189 u from the naphthalene reaction and at 122, 141, 151, 153, 161, 162, 

163, 181 (dominant), 195, 199 and 209 u from the naphthalene-d1 reaction. API-MS/MS parent 

ion and daughter ion spectra of these ion peaks forme.d in the naphthalene reaction indicated that 

products forme.d included naphthols ([M]+ at 144 u), 1,4-naphthoquinone ([M+H]+ at 159 u), 

nitronaphthalenes ([M+H]+ at 174 u) and hydroxynitronaphthalenes ([M]+ at 189 u). The 

corresponding ion peaks were observe.cf in the naphthalene-da reaction at 151, 165, 181 and 195 

u, respectively, noting that rapid -OD to -OH exchange occurs for the naphthols and 

hydroxynitronaphthalenes. 

The concentrations of these products were measure.cf by GC-FID during the experiments, 

and the measure.cf concentrations of 1- and 2-nitronaphthalene and the hydroxynitronaphthalenes 

were corrected for secondary reactions with the NO, radical using either measured (Atkinson, 

1991) [for nitronaphthalenes] or estimated [for the hydroxynitronaphthalenes] NO, radical 

reaction rate constants. No correction was necessary for 1,4-naphthoquinone (Atkinson, 1991). 

Figure 33 shows plots of the amounts of 1- and 2-nitronaphthalene forme.d, corrected for 

reaction with the NO3 radical, against the amounts of naphthalene reacted, and the formation 

yields of 1- and 2-nitronaphthalene and other products are given in Table 7. The formation 

yields of 1- and 2-nitronaphthalene from the NO, radical-initiated reaction of naphthalene have 

been measured previously in this laboratory (Pitts et al., 1985; Atkinson et al., 1987). The 

measured 1- and 2-nitronaphthalene formation yields reported from those studies, of 0.172 ± 
0.034 and 0.075 ± 0.012, respectively (Pitts et al., 1985; Atkinson et al., 1987) and 0.153 ± 
0.022 and 0.069 ± 0.021, respectively (Atkinson et al., 1987), are 30-37% lower than the 

formation yields determined here, with the 1-nitronaphthalene/2-nitronaphthalene formation yield 

ratios from all three studies being in excellent agreement. Our previous studies (Pitts et al., 

1985; Atkinson et al., 1987) involved HPLC analyses of extracts of samples collected on Tenax 

(Pitts et al., 1985) or polyurethane foam (Atkinson et al., 1987) solid adsorbents, and it is 
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Figure 33. Plots of the amounts of 1- and 2-nitronaphthalene formed, corrected for reaction 
with the N~ radical (see text), against the amounts of naphthalene reacted with 
the N~ radical. 
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possible that some nitronaphthalene losses occurred in the overall analytical procedures in these 

previous studies. 

The products quantified account for ~40% of the N03 radical reaction products, and 

potentially significantly more if naphthol formation is significant. The naphthols are expected 

1011to react rapidly with the N~ radical (Atkinson, 1991), with rate constants of ~ cm3 

molecule·• s·•, and with rate constants of this magnitude secondary re.actions of the naphthols 

with the N~ radical would be extremely important (with the measured concentrations needing 

to be corrected by a factor of 300-500 for the conditions employed in the present work). 

Scheme 7 shows possible reaction pathways leading to the observed products. 

Conclusions 

Our data show that a major fraction of the reaction of the OH radical with naphthalene 

in the presence of NO& proceeds by ring-cleavage, leading to the formation of the unsaturated 

dicarbonyl 2-formylcinnamaldehyde. Moreover, our results show that this ring-cleavage product 

is highly reactive, both with respect to reacting with the OH radical and to photolysis. The ring

retaining products identified and quantified account for - 30 % of the overall OH radical reaction 

products. The identified and quantified ring-retaining products of the OH radical reactions with 

benzene and the methyl-substituted benzenes (Atkinson, 1994; Kwok et al., 1997) account for 

-20--30% of the OH radical reaction proceeding by initial addition to the aromatic ring 

(Atkinson, 1994), and ring-cleavage to form a--dicarbonyls (plus the 1,4-unsaturated dicarbonyl 

co-products) and di-unsaturated-1,6--dicarbonyls (Atkinson, 1994; Kwok et al., 1997) accounts 

for a large fraction of the overall reaction products. Hence the OH radical reaction with 

naphthalene is analogous to the corresponding reactions of the OH radical with the monocyclic 

aromatic hydrocarbons. 

The major products identified and quantified from the reaction of the N~ radical with 

naphthalene are 1- and 2-nitronaphthalene, formed in a l-nitronaphthalene/2-nitronaphthalene 

formation yield ratio of 2.2. These products and product yield data were obtained in the 

presence of sufficient N<Ji that the initially-formed nitrooxycyclohexadienyl radical reacted solely 

with N02 (Atkinson et al., 1994c). An important question is whether or not these laboratory 

data are relevant to the atmosphere. We have previously shown that for the N03-naphthalene 
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adduct, the rate constant ratio for the 0 2/N02 reactions is k,i/kc < 4 x 10·1 (Reaction Scheme 5) 

(Atkinson et al., 1994c), which results in dominant reaction of the nitrooxycyclohexadienyl 

radical with N02 for N02 mixing ratios >80 ppb (and possibly for much lower N02 mixing 

ratios). Ambient atmospheric measurements of 1- and 2-nitronaphthalene in an area downwind 

of the Los Angeles Air Basin (Gupta et al., 1996; Gupta, 1996) showed that during nighttime 

hours 1- and 2-nitronaphthalene are formed with 1-nitronaphthalene/2-nitronaphthalene 

concentration ratios of - 2, very similar to those observed in our laboratory studies. 

Furthem10re, ambient measurements of nitronaphthalenes, methylnitronaphthalenes and 

nitrofluoranthenes have shown distinctive nighttime isomer profiles which have been attributed 

to in situ formation from N03 radical reaction of the parent PAH (Atkinson and Arey, 1994; 

Gupta et al., 1996). The magnitude of the nitronaphthalene formation yields from the N03 

radical-initiated reaction of naphthalene presented here are consistent with this formation route 

and do not require the assumption of unrealistically high nighttime N03 radical concentrations. 
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6. PRODUCTS OF TIIE GAS-PHASE OH AND N03 RADICAL-INITIATED 
REACTIONS OF BIPHENYL AND 1- AND 2-METHYLNAPHTHALENE 

Introduction 

Biphenyl and 1- and 2-methylnaphthaJene are polycyclic aromatic hydrocarbons which 

are of higher molecular weight than naphthalene and which are relatively abundant in ambient 

air [though less so than naphthalene] (Arey ll al., 1987, 1989). These three PAH exist in the 

lower troposphere essentially entirely in the gas phase (Arey et al., 1987, 1989), and the rate 

constants for their gas-phase reactions with OH radicals, NOi radicals and 0 3 have been 

measured (Atkinson and Arey, 1994). Biphenyl and 1- and 2-methylnaphthalene all react with 

the OH radical, and 1- and 2-methylnaphthalene also react at measurable rates with the NOi 

radical; no reactions have been observed for the 0 3 reactions nor for the reaction of biphenyl 

with the N03 radical (Atkinson and Arey, 1994). 

We have previously investigated the formation of nitrobiphenyls from the OH radical

initiated reaction of biphenyl and of the methylnitronaphthalenes from the OH radical- and NOi 

radical-initiated reactions of 1- and 2-methylnaphthalene (Atkinson et al., 1987; Zielinska et al., 

1989). The formation of hydroxybiphenyls (mainly 2-hydroxybiphenyl) from the reaction of the 

OH radical with biphenyl was observed in -20% yield in the study of Atkinson et al. (1987). 

In this work, we have studied the atmospherically-important reactions of biphenyl and 1- and 

2-methylnaphthalene using gas chromatographic (GC-FID and GC-MS) analyses as well as direct 

air sampling, atmospheric pressure ionization tandem mass spectrometry (API-MS) analyses. 

Experimental 

The experimental methods used were very similar to those used for the product study of 

the naphthalene reactions discussed in Section 5 above. Experiments were carried out in 6500-

7900 liter all-Teflon chambers equipped with two parallel banks ofblacklamps at 296 ± 2 Kand 

740 Torr total pressure of purified air at a relative humidity of -5%. Two series of 

experiments were carried out with analyses by GC with flame ionization (GC-FID) and mass 

spectrometric (GC-MS) detection and by API-MS, respectively, and these two sets of 

experiments used different reactant concentrations. The PAH were introduced into both 

chambers by flushing either a Pyrex tube packed with solid biphenyl, or a measured amount of 
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solid 2-methylnaphthalene or liquid 1-methylnaphthalene, with a stream of N1 gas. The NO and 

initial NC>i concentrations during these experiments were monitored using a Thermo 

Environmental Instruments, Inc., Model 42 chemiluminescence NO-NO2-NOa analyzer. For 

both series of experiments, OH radicals were generated by the photolysis of methyl nitrite 

(CH3ONO) in air at wavelengths > 300 nm (Atkinson el al., 1981), and NO was added to the 

reactant mixtures to suppress the formation of 0, and hence NO3 radicals (Atkinson el al., 

1981). For both series of experiments, NO, radicals were generated from the thermal 

decomposition of N2O5 (Atkinson et al., 19&4), and NOi was added to the reactant mixtures to 

ensure that the NO3-methylnaphthalene adducts reacted only with NC>i and to minimize reactions 

of 1- and 2-methylnaphthalene with species other than NO, radicals. 

Reactions with Gas Chromatographic Analyses. Reactions were carried out in a 7900 liter all

Teflon chamber. For the OH radical-initiated reactions, the initial reactant concentrations (in 

molecule cm·3 units) were: CH3ONO, -2.4 x 1014
; NO, -2.4 x 1014 

; biphenyl or 1- or 2-

methylnaphthalene, -2.4 x 1013 
; and 1,4-dichlorobenzene (as an internal standard), -2.4 x 

1013 • Irradiations were carried out at 20% of the maximum light intensity for 20 min for the 

experiment with biphenyl and for 2-5 min for the experiments 1- and 2-methylnaphthalene. For 

the NO3 radical-initiated reactions, the initial reactant concentrations (in molecule cm·3 units) 

were: NC>i, - 5 x 1013
; 1- or 2-methylnaphthalene, - 2.4 x 1013

; and 1,4-dichlorobenz.ene (an 

internal standard), -2.4 x 1013
• One addition of N2O5, corresponding to an initial concentration 

in the chamber of (1.28-2.06) x 1013 molecule cm·3, was made to the chamber during these 

experiments. 

During both the OH radical- and NO, radical-initiated experiments, biphenyl or 1- or 2-

methylnaphthalene and 1,4-dichlorobenzene were analyzed by collecting 100 cm3 volume gas 

samples from the chamber onto Tenax-TA solid adsorbent, with subsequent thermal desorption 

at - 225 "C onto a 60 m DB-5MS megabore column in a Hewlett Packard (HP) 5890 GC, 

initially held at O"C and then temperature programmed to 160 "Cat 20 "C min•1 and then to 250 

°Cat 10 "C mrn·•. Larger volume (-15 liter) gas samples were collected onto Tenax-TA solid 

adsorbent at - 0.45 liter mm·• for the quantification of biphenyl or 1- or 2-methylnaphthalene, 

1,4-dichlorobenzene and reaction products, with subsequent elution with 1 ml of diethyl ether. 
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The eluate volume was reduced to - 500 µI, as measured with a 500 µ.I syringe, and a 2 µ.I 

aliquot was analyzed by GC-FID on a (i() m DB-5MS column (0.25 mm ID, 25 µ.m film 

thickness) in an HP 5890 GC, held at 40 °C and then temperature programmed to 120 °C at 20 

°C min•• and then to 280 °C at 6 °C min•1• Replicate injections using the same temperature 

program and GC column type were carried out using an HP 5890 GC interfaced to an HP 5970 

mass selective detector operated in the scanning mode to confirm the identities assigned to the 

product peaks. GC-FID response factors were measured using authentic standards when 

available, or were estimated using the calculated Effective Camon Numbers (ECN) (Scanlon and 

Willis, 1985). 

Reactions with A.PI-MS Analyses. Reactions of biphenyl and I- and 2-methylnaphthalene with 

OH radicals in the presence of NO, were carried out in a 6500 liter all-Teflon chamber 

interfaced to a PE SCIEX API m MS/MS direct air sampling, atmospheric pressure ionization 

tandem mass spectrometer (API-MS). The initial CH3ONO, NO and PAH concentrations were 

equal at either - 4.8 x 1013 molecule cm·3, and irradiations were carried out for 2.5-3.5 min at 

the maximum light intensity for the experiments with biphenyl and for I min at 20% of the 

maximum light intensity for the experiments with I- and 2-methytnaphthalene. 

The 6500 liter Teflon chamber was interfaced to a PE SCIEX API III MS/MS instrument 

via a 25 mm diameter x 75 cm length Pyrex tube, with a sampling flow rate of - 20 liter min·•. 

The operation of the API-MS in the MS (scanning) and MS/MS [with collision activated 

dissociation (CAD)] modes has been described elsewhere (Kwok et al., 1995, 1996a,b; Atkinson 

et al., 1995d). Use of the MS/MS mode with CAD allows the •daughter ion• or •parent ion• 

spectrum of a given ion peak observed in the MS scanning mode to be obtained (Kwok et al., 

1995, 1996a,b). The positive ion mode was used in all these API-MS and API-MS/MS 

analyses, with protonated water hydrates (H3O+(H2O)J generated by the corona discharge in the 

chamber diluent gas being resJX>nsible for the protonation of analytes. Ions are drawn by an 

electric JX)tential from the ion source through the sampling orifice into the mass-analyzing first 

quadrupole or third quadrupole. Neutral molecules and particles are prevented from entering 

the orifice by a flow of high-purity nitrogen (•curtain• gas), and as a result of the declustering 
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action of the curtain gas on the hydrated ions, the ions that are mass-analyzed are mainly 

protonated molecular ions ([M + H]•). 

Chemicals. The chemicals used, and their stated purities, were: biphenyl (99%), 1,4-

dichlorobenzene (99+%), 1-methylnaphthalene (99%), 2-methylnaphthalene (98), 1-

naphthaldehyde (97%), 2-naphthaldehyde (98%), 2-hydroxybiphenyl (99%), 3-hydroxybiphenyl 

(98%) and 4-hydroxybiphenyl (97%), Aldrich Chemical Company. Methyl nitrite and N2O5 

were prepared and stored as described previously (Atkinson et al., 1981, 1984), and NO2 was 

prepared as needed by reacting NO with an excess concentration of 0 2. 

Results and Discussion 

OH Radical Reaction with Biphenyl 

API-MS analyses of irradiated CH3ONO - NO - biphenyl - air mixtures showed the 

formation of product ion peaks, including ion peaks at 105, 161, 170, 177, 187 and 200 u. API

MS/MS daughter ion spectra of the 161, 177 and 200 u ion peaks indicated that the 105 u ion 

peak was a fragment ion of the 161 and 177 u ions. The 200 u ion peak showed fragment ions 

at 170 u (-NO), 154 u (-NOJ and 153 u (-HNOJ, suggesting that the 200 u ion peak was the 

[M+H]+ ion ofM = nitrobiphenyl. The 177 u ion peak showed fragment ions at 159 u (-H2O), 

149 u (-CO) and 131 u (-CO-H2O), while the 161 u ion peak showed fragment ions at 143 u (

H2O) [weak], 133 u (-CO) [strong] and 115 u (-CO-Hp). It is possible that the 161 u ion peak 

was the [M + H]+ ion of M = CJ{5C(CHO) =CHCHO formed after ring-opening and with a 

glyoxal as a co-product. 

Additional API-MS and API-MS/MS spectra were taken with added cyclohexanone to 

act as a chemical ionization agent to form heterodimers. While not completely unambiguous, 

this series of spectra suggested that ion peaks at 161, 177 and 187 u were products. These 

product ion peaks plus that at 200 u could be the [M + H]+ ions of the products 

CJi5C(CHO) =CHCHO, a product of formula CJI5CC~30i, CJI~(CHO) =CHCH =CHCHO 

(or isomer), and a nitrobiphenyl, respectively. The 170 u ion peak could be the [M]+ ion of 

hydroxybiphenyl (note that hydroxynaphthalenes are observed as their [M)+ ions; see section 

5 above). 
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GC-FID and GC-MS analyses of - 15 liter volume samples collected from an irradiated 

CH3ONO - NO - biphenyl - air mixture and eluted with diethyl ether showed the formation of 

2-hydroxybiphenyl and 3-nitrobiphenyl. Because these products were identified and quantified 

in our previous product study of the OH radical reaction with biphenyl (Atkinson ti al., 1987), 

further experiments utilizing gas chromatographic analyses were not carried out. Our API-MS 

and GC data show that 2-hydroxybiphenyl and 3-nitrobiphenyl are ring-retaining products of the 

gas-phase reaction of the OH radical with biphenyl in the presence of NO., and that ring-opened 

products are also formed, analogous to the situation for monocyclic aromatic hydrocarbons 

(Atkinson, 1994; Kwok el al., 1997). 

OH Radical Reactions with 1- and 2-Methy/naphthalene 

Irradiations of CH3ONO - NO - methylnaphthalene - air mixtures were carried out with 

API-MS analyses. After the irradiations, both of the 1- and 2-methylnaphthalene reactions 

showed the presence of ion peaks (in addition to those of the pure air diluent and the 1- or 2-

methylnaphthalene) at 149, 175 (strong), 191,193,209,284,323,249, 365 and 367 u. 

API-MS/MS "daughter" ion spectra of the 149 u ion peak showed fragment ions at 131 

u (-H2O), 103 u (-H20-CO) and 77 u ([CJl5]+), and the "parent• ion spectra showed ion peaks 

at 297 u ([148+ 148+Hj+) and 323 u ([148+ 174+H]+), indicating that the 149 u ion peak was 

the [M+H]+ ion of a product of molecular weight 148 u and the presence of an additional 

product of molecular weight 174 u. API-MS/MS "daughter" ion spectra of the 175 u ion peak 

showed fragment ions at 157 u (-H2O), 147 u (-CO), 129 u (-H20-CO) and 115 u ([CJI7]+), and 

the "parent" ion spectra showed ion peaks at 193 u (+H2O), 323 u ([174+148+H]+), 349 u 

([174+174+H]+), 365 u (174+190+H]+) and 367 u ([174+174+H+H2Oj+), indicating that 

the 175 u ion peak was the [M + H]+ ion of a product of molecular weight 174 u and the 

presence of additional product of molecular weight 148 u (see above) and 190 u. API-MS/MS 

"daughter" ion spectra of the 191 u ion peak showed fragment ions at 173 u (-H2O), 145 u (

H20-CO), 131 u and 117 u, and the "parent• ion spectra showed ion peaks at 209 u (+H2O), 

365 u (190+174+H]+) and 381 u ([190+190+H]+), indicating that the 191 u ion peak was the 

[M+H]+ ion of a product of molecular weight 190 u and the presence of the additional product 

of molecular weight 174 u (see above). 
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The identity of the 323 and 349 u ion peaks as [148+ 174+H]+ and [174+ 174+H]+ ion 

peaks was verified by API-MS/MS •daughter• ion spectra of these ion peaks. The 284 u ion 

peak is interpreted as a dimer of the [methylnaphthalenei+ ion (at 142 u), consistent with the 

API-MS/MS •daughter• ion spectrum which showed only a 142 u ion peak. Therefore, API-MS 

analyses of the OH radical reaction with 1- and 2-methylnaphthalene in the presence of NO. 

shows the formation of products of molecular weight 148, 174 and 190. 

A series of experiments were also carried out with GC analyses of the diethyl ether 

eluates of -15 liter volume gas samples collected from the chamber onto Tenax-TA solid 

adsorbent. GC-FID traces of the products of the 1- and 2-methylnaphthalene reactions are 

shown in Figures 34 and 35, respectively. Apart from 1- or 2-naphthaldehyde, for which 

matching of the GC retention times and mass spectra with those of the authentic standards could 

be carried out, the products are identified on Figures 34 and 35 by their molecular weight based 

on concurrent GC-MS analyses using electron impact (HP 5970 mass selective detector and a 

Varian 3000 GC-MS/MS) or chemical ioniz.ation (HP 5971 mass selective detector with CI 

module and a Varian 3000 GC-MS/MS). The products observed from both 1- and 2-

methylnaphthalene by GC analyses are 1-naphthaldehydes from 1-methylnaphthalene, and a 

number of isomeric products of molecular weight 174 and a number of isomeric products of 

molecular weight 190 from both 1- and 2-methylnaphthalene (Figures 34 and 35). The 

observation of products of molecular weight 174 and 190 in the GC analyses is in agreement 

with the API-MS analyses discussed above; it is possible that the 148 u ion peak observed in 

the API-MS analyses is phthalic anhydride, which may be a secondary product of the 174 and/or 

190 molecular weight species. 

The 174 and 190 molecular weight products of the 1- and 2-methylnaphthalene reactions 

are presumably analogous to the 160 (primarily 2-formylcinnamaldehyde) and 176 molecular 

weight products observed from the corresponding naphthalene reaction (see Section 5), with the 

molecular weight 174 products being ring-opened products analogous to 2-fonnylcinnamaldehyde 

but containing a substituent methyl group. The molecular weight 174 and 190 products were 

quantified using the calculated ECNs relative to that for 1- and 2-naphthaldehyde for which GC

FID response factors were measured using the authentic compounds. Five experiments were 

carried out for 1-methylnaphthalene and four experiments for 2-methylnaphthalene, with the first 
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Figure 34. GC-FID chromatogram of the diethyl ether eluate of a sample collected on Tenax 
solid adsorbent from the gas-phase OH radical-initiated reaction of 1-
methylnaphthalene. 
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Figure 35. GC-FID chromatogram of the diethyl ether eluate of a sample collected on Tenax 
solid adsorbent from the gas-phase OH radical-initiated reaction of 2-
methylnaphthalene. 
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experiment for 1-methylnaphthalene leading to product yields a factor of 2-4 lower than the 

subsequent experiments, with no obvious reason for the discrepancy. For the subsequent 

experiments, the irradiation times 2-5 min for 1-methylnaphthalene and 3-5 min for 2-

methylnaphthalene, with the calculated product yields showing no obvious trend with the extent 

of reaction which ranged from 25-46% for the 1-methylnaphthalene reactions and from 34-50% 

for the 2-methylnaphthalene reactions. Neglecting the data from this first experiment, the molar 

product formation yields were, uncorrected for secondary reactions of the products by photolysis 

and/or reaction with the OH radical, from 1-methylnaphthalene:; 1-naphthaldehyde, 0.022 ± 

0.018; molecular weight 174 products, 0.18 ± 0.09; and molecular weight 190 products, 0.11 

± 0.06; and from 2-methylnaphthalene: molecular weight 174 products, 0.17 ± 0.08; and 

molecular weight 190 products, 0.11 ± 0.02; where the indicated errors are the two least

squares standard deviations and do not include the uncertainties in the GC-FID response factors. 

1-Naphthaldehyde is clearly formed after H-atom abstraction from the substituent methyl group 

[analogous to the fonnation of benzaldehyde from toluene (Atkinson, 1994)] and the percentage 

of the 1-methylnaphthalene reaction proceeding by H-atom abstraction is therefore -2%. The 

molecular weight 174 and 190 products, uncorrected for further reactions, account for -28-29% 

of the overall reaction products (and after correction for secondary reactions will account for 

> 30% of the overall products). 

N03 Radical Reactions with 1- and 2-Methylnaphthalene 

A series of reactions of N20 5 - N02 - methylnaphthalene - air mixtures were carried out 

with GC-FID and GC-MS analyses, using the analytical procedures discussed above for the OH 

radical-initiated reactions. The products identified by GC and MS matching with authentic 

standards were mainly methylnitronaphthalenes (Zielinska et al., 1989; Gupta, 1996). Figures 

36 and 37 show GC-FID traces of the diethyl ether eluates of -15 liter volume samples 

collected from the chamber onto Tenax-TA solid adsorbent from the 1- and 2-methylnaphthalene 

reactions, respectively. Quantification of the methylnitronaphthalenes from the N03 radical

initiated reactions of 1- and 2-methylnaphthalene led to molar methylnitronaphthalene formation 

yields of: 1-methyl-x-nitronaphthalenes from 1-methylnaphthalene, 0.27 ± 0.07; and 2-methyl

x-nitronaphthalenes from 2-methylnaphthalene, 0.39 ± 0.14, where the indicated errors are two 
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Figure 37. GC-FID chromatogram of the diethyl ether eluate of a sample collected on Tenax 
solid adsorbent from the gas-phase NO., radical-initiated reaction of 2-
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least-squares standard deviations and do not include the uncertainties in the GC-FID response 

factors. These methylnitronaphthalene formation yields from the N03 radical-initiated reactions 

of 1- and 2-methylnaphthalene are consistent with our earlier, qualitative, measurements 

(Zielinska et al., 1989). 

The OH radical- and N03 radical-initiated reactions of 1- and 2-methylnaphthalene are 

therefore analogous to the corresponding reactions of naphthalene discussed in Section 5. 
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7. CONCLUSIONS 

The research carried out in this program and discussed in Sections 2 through 6 above 

have advanced our knowledge of the atmospheric reactions of alkenes and aromatic 

hydrocarbons. 

Alkene Chemistry. We have developed an improved method for detennining the yields 

of OH radicals from the reactions of 0 3 with alkenes, utilizing 2-butanol to scavenge OH 

radicals and detennining the OH radical fonnation yields from the amounts of 2-butanone 

formed. We have shown that this more accurate technique agrees well with the results of 

previous studies from our laboratory using cyclohexane to scavenge OH radicals and deriving 

the OH radical formation yields from the amounts of cyclohexanone plus cyclohexanol formed 

(Atkinson et al., 1992; Atkinson and Aschmann, 1993). 

Product studies of the reactions of 0 3 with a series of methyl-substituted ethenes show 

that the sum of the primary carbonyls is unity (except where HCHO can be fonned from 

secondary reactions of the biradical co-products), and a number of additional products (methane, 

methanol, ketene, glyoxal, CO and COi) were identified and quantified by in situ FTIR 

absorption spectroscopy. The yields of these products allows certain biradical decomposition 

pathways to be delineated. 

Product studies of the reactions of the OH radical with 2-methylpropene, cis-2-butene, 

2-methyl-2-butene and 2,3-dimethyl-2-butene in the presence of NO showed the formation of 

small amounts of organic nitrates from the R02 + NO reactions, and the carbonyl products 

formed and their formation yields showed that the intermediate /3-hydroxyalkoxy radicals 

undergo dominantly decomposition. API-MS analyses of the reacted mixtures showed no 

evidence for the formation of the /3-hydroxycarbonyls which would be fanned from reactions 

of the intermediate /3-hydroxyalkoxy radicals with 0 2• In the absence of NO,, API-MS analyses 

indicated the fonnation of the products expected from the reactions of /3-hydroxyalkyl peroxy 

radicals with organic peroxy radicals and H02 reactions (carbonyls, hydroxycarbonyls, 

dihydroxyalkanes and hydroxyhydroperoxides). 

Aromatic Chemistry. Identification and quantification of the products of the reactions 

of the OH radical with naphthalene, 1- and 2-methylnaphthalene and biphenyl in the presence 
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of NO. showed that these reactions are analogous to the OH radical-initiated reactions of 

monocyclic aromatic hydrocarbons, in that a major reaction pathway(s) lead to the formation of 

ring-opened products. The formation of 2-formylcinnamaldehyde from naphthalene was 

observed in high ( - 35 % ) yield, together with a number of other ring-opened and ring-retaining 

products. Although most of the products from the methylnaphthalene and biphenyl reactions 

were not specifically identified, the reactions appear to be quite similar to that for naphthalene. 

The N03 radical-initiated reactions of naphthalene and 1- and 2-methylnaphthalene lead to the 

formation of nitronaphthalenes and methylnitronaphthalenes in significant (-25-30%) yield. 

These product studies of two-ring polycyclic aromatic hydrocarbons reinforce the product data 

obtained for the monocyclic aromatic hydrocarbons (Atkinson, 1994; Kwok et al., 1997). 
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Glossary of Terms, Abbreviations and Symbols 

API-MS 

C2H50NO 

CH30NO 

GC 

GC-FID 

GC-FfIR 

GC-MS 

ECN 

FTIR 

H02 

HP 

NMOC 

NO 

N02 

N03 

N20s 

OH 

PAH 

R 
RO 

R62 

RON02 

atmospheric pressure ionization tandem mass spectroscopy 

ethyl nitrate 

methyl nitrite 

gas chromatographic 

GC with flame ionization 

GC with Fourier transform infrared spectroscopy 

GC with mass spectrometric 

Effective Carbon Numbers 

Fourier transform infrared 

hydroperoxyl radical 

Hewlett Packard 

non-methane organic compounds 

nitric oxide 

nitrogen dioxide 

nitrate radical 

Dinitrogen pentoxide 

ozone 

hydroxyl radical 

polycyclic aromatic hydrocarbons 

alkyl or substituted-alkyl radical 

alkoxy or substituted-alkoxy radical 

alkyl peroxy or substituted-alkyl peroxy radical 

alkyl nitrate or hydroxyalkyl nitrate 
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