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Abstract

Two aspects of the atmospheric chemistry of volatile organic compounds have been
addressed in this experimental program, and these concern the reactions of the
hydroxycyclohexadienyl-type radicals (OH-aromatic adducts) formed from OH radical addition
to the aromatic ring of the aromatic hydrocarbons under atmospheric conditions and the
atmospheric reactions of the alkoxy radicals formed after OH radical reaction with the alkanes.
Product studies of the OH radical-initiated reactions of toluene, o-xylene and 1,2,3-
trimethylbenzene have been carried out in the absence of NO, and in the presence of varying
concentrations of NO,. The 2,3-butanedione formation yields from the o-xylene reaction show
that the OH-o-xylene adduct reacts with both O, and NO,. The rate constant ratio for reaction
of the OH-o-xylene adduct with NO, versus reaction with O, was determined to be kyoy/koy =
1.3 x 10° at 298 K, showing that the OH-o-xylene adduct reacts with O, in the atmosphere.
However, since several product studies of the OH radical reactions with aromatic hydrocarbons
have been carried out at part-per-million levels of NO,, care must be taken in using these
laboratory product data for atmospheric purposes.

A series of product studies of the OH radical-initiated reactions of selected alkanes,
ketones and alcohols have been carried out to obtain further insights into alkoxy radical
isomerization. Product studies with gas chromatographic analyses of the OH radical reaction
with 4-methyl-2-pentanone, 2,6-dimethyl-4-heptanone, 2,4-dimethyl-2-pentanol and 3,5-
dimethyl-3-hexanol, in the presence of NO,, have provided unambiguous evidence for alkoxy
radical isomerization and these studies and that of n-pentane, again using gas chromatography
for product analyses, have provided rate constant ratios for the isomerization reaction versus
alkoxy radical decomposition and reaction with O,. Preliminary experiments with in situ
atmospheric pressure ionization mass spectrometry are consistent with the formation of the
expected 8-hydroxcarbonyls formed after the alkoxy radical isomerizations, with the apparent
importance of isomerization increasing with the carbon number for the n-alkane series n-butane
through n-octane.

The experimental data obtained in this Contract provide new information concerning the
atmospheric chemistry of aromatic hydrocarbons and alkanes which will allow future detailed
chemical mechanisms for the formation of photochemical air pollution to be placed on a firmer

scientific basis than is presently the case.
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I. INTRODUCTION AND BACKGROUND

A. In ion

The interactions, under the influence of sunlight, of non-methane organic compounds
(NMOC) emitted into the atmosphere from anthropogenic sources with oxides of nitrogen lead
to the formation of photochemical air pollution, manifested by the formation of ozone, PM-10
(leading to visibility degradation), acidic deposition and a spectrum of non-criteria pollutants
such as peroxyacetyl nitrate (PAN) and formaldehyde (1-4). In California’s South Coast Air
Basin, emissions from mobiie sources are responsible for 50-60% of the 1200-1700 tons per day
(for 1987) of anthropogenic reactive organic compounds (5,6), with these mobile-source
generated non-methane organic compounds being predominantly comprised of alkanes, alkenes
and aromatic hydrocarbons (7-11).

NMOC emission measurements from gasoline-fueled light duty vehicles show that the
percentages of the alkane, alkene and aromatic hydrocarbon emissions are ~55%, ~15%, and
~30%, respectively (8,10), and very similar alkane, alkene and aromatic hydrocarbon
concentration profiles are observed from roadway (9), tunnel (7) and ambient urban air (12-15)
measurements. Table 1 summarizes the NMOC data reported by Lurmann and Mains (15) for
the 0600 hr sample period in Los Angeles during the 1987 South Coast Air Quality Study, and
the alkane, alkene, aromatic hydrocarbon partitioning is 48%, 10% and 22%, respectively, with
carbonyls and unidentified NMOC accounting for the remainder. Clearly, on a mass basis the
alkanes and aromatic hydrocarbons account for =70% of the NMOC emitted into the
atmosphere in urban areas.

A detailed knowledge of the atmospheric chemistry of these NMOC emissions is needed
to understand the the formation of photochemical air pollution and to develop cost-effective air
pollution control strategies (1,2,4,16-19). During the past two decades, there have been vast
improvements in our understanding of the detailed chemical processes involving anthropogenic
NMOC and oxides of nitrogen which occur in urban and, to a lesser extent, in rural air masses.
Recently developed and tested chemical mechanisms designed for use in airshed computer

models are in general agreement (/6-19). However, despite this general agreement between



Table 1. Summertime NMOC Concentrations in Ambient Air (0600 hr) in Los Angeles
(1987) [from Lurmann and Mains (15)].

I R L i e DR Average Concentration
- Reactivity Class - . ppbC - %

Unreactive (ethane + acetylene) 61 6.3
Propane 62 6.4
Higher paraffins 366 37.7
Ethylene 34 3.5
Propene 14 1.4
Higher Olefins 54 5.6
Benzene 24 2.5
Toluene 68 7.0
Higher aromatics 117 12.0
Formaldehyde 6.8 0.7
Acetaldehyde 8.4 0.9
Higher aliphatic carbonyls 48 4.9
Unidentified hydrocarbons 139 14.3

TOTAL ' 972 160

recent chemical mechanisms describing the formation of photochemical air pollution (17,18),
there are significant areas of uncertainty in the chemistry of the polluted troposphere (4). In
fact, the similarities among the predictions of the recent chemical mechanisms arise because
chemical mechanisms are tested against, and fitted to, smog chamber data which provide
"global" bounds on the mechanisms. Thus, those aspects of the chemistry which are uncertain
are parameterized and best-fit to the smog chamber data and the general agreement between
mechanism predictions is then not surprising.

As a result of chemical mechanism development (16-19) and review and evaluation of
the literature kinetic, mechanistic and product data (4), it is recognized that the major areas of

uncertainty in the tropospheric chemistry of anthropogenically emitted NMOC are:
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° The products formed from the reactions of O; with alkenes, including the

formation yields of OH radicals.

In this experimental program, the California Air Resources Board (ARB) contracted to
the Statewide Air Pollution Research Center (SAPRC) to study the products formed from the
atmospheric transformations of selected long-chain alkanes and aromatic hydrocarbons, using
an array of analytical techniques, including in situ atmospheric pressure ionization tandem mass
spectrometry (API MS/MS). The data obtained have significantly advanced our knowledge of
the atmospheric chemistry of these two classes of organic compounds and will place the next
generation of chemical mechanisms for use in urban and regional airshed computer models on

a firmer basis than was previously the case.

B. Background
As discussed above, two major areas of uncertainty in the chemistry of anthropogenically

emitted NMOC concern the chemistry of the >C, alkanes and of the aromatic hydrocarbons,
which comprise a major fraction of the NMOC emitted from vehicles and present in ambient
urban air. The present status of the tropospheric chemistry of the >C, alkanes and of the
aromatic hydrocarbons is briefly discussed below [the articles of Carter and Atkinson (20), and
Atkinson (4) provide a more detailed discussion].

Alkane Chemistry. Under tropospheric conditions, the alkanes react essentially only with

the OH radical, with the nighttime NO, radical reaction being of minor importance.
OH + RH - H,0 + R
The alkyl radicals rapidly and exclusively add O, to form the alkyl peroxy (RO,) radicals

. M
R + 0, - RO,



The important tropospheric reactions of these alkyl peroxy radicals are with NO and HO, and,
to a lesser extent, organic peroxy radicals. The reaction with NO can form either the

corresponding alkoxy (RO) radical plus NO, or the alkyl nitrate

—— RO + NO,

RO, + NO —
M
L RONO,

with the formation yield of the nitrate increasing with increasing pressure and decreasing
temperature, and being dependent on whether the RO, radical is primary, secondary or tertiary
(4,21,22). For the secondary RO, radicals formed from the n-alkanes, the alkyl nitrate yield at
298 K and 760 torr total pressure of air increases monotonically from 8% for n-butane to 33%
for n-octane (21).

The reactions of the RO, radicals with HO, radicals become important when the NO mixing
ratio falls below ~ 30 parts-per-trillion (at these low NO mixing ratios RO, radicals are not
important for the formation of O; but are important in the chemistry of downwind urban and

rural airmasses)
RO, + HO, - ROCH + O,

Under conditions where O, formation is occurring, the major reaction is with NO leading in
large part to the formation of the corresponding alkoxy radical. The alkoxy radicals can react
by thermal decomposition, thermal isomerization and reaction with O,. For example, for the

2-pentoxy radical formed from n-pentane



0
I

CH,CHCH,CH,CH,

decomp. isom.

OH

CH,CHO + CH,CH,CH, CH,CHCH,CH,CH,

b 4

CH,C(0)CH,CH,CH, + HO,

The uncertainty concerns the importance of the isomerization pathway and the subsequent
reactions as well as the relative importance of the decomposition, isomerization, and O, reactions
(4). In agreement with thermochemical estimates (4,20,21), there is evidence that the
isomerization reaction occurs [for example, from a lack of the products expected from the RO
+ O, reaction in the n-butane photooxidation system (23-25)], but there is no direct experimental
evidence of this reaction pathway, and the reactions subsequent to the isomerization step are not
known nor are the final products observed. As discussed by Carter and Atkinson (20), this
isomerization reaction is estimated to account for the majority of the reactions of the alkoxy
radicals formed from the long-chain alkanes. Thus, the reaction sequence, including the number
of NO to NO, conversions, the extent of organic nitrate formation from the é-hydroxyalkyl
peroxy radicals and the carbonyl compounds formed, has a significant effect on ozone formation
from this class of organic compounds (20,22).

Aromatic Hvdrocarbons. As for the alkanes, under tropospheric conditions the aromatic

hydrocarbons react essentially only with the OH radical. The rate constants for these reactions
are well known, and the reactions proceed by two pathways; H atom abstraction from the C-H
bonds of the alkyl substituents or (for benzene) of the ring C-H bonds, and reversible OH radical
addition to the aromatic ring to form hydroxycyclohexadieny! or alkyl-substituted hydroxycyclo-
hexadienyl radicals (4,26,27). For example, for toluene



CH,

= Heo + (la)
CHy
OH
I H
- (1b,-1b)

(plus other isomers)

The H atom abstraction pathway is relatively minor for benzene and the methyl-substituted
benzenes, with k,,/(k,, + k;») <0.1 at 298 K (4), and the reactions subsequent to the formation
of the benzyl-type radicals from reaction (a) appear to be reasonably well understood. For
example, for the benzyl radical:



cl':H2 (I2H200

M
+02——’

M
) v
CH,ONOC, CH,0
Benzyl nitrate 0,

CHO

+ HO,

Benzaldehyde

The major fraction of the OH radical-initiated reaction proceeds through the intermediate
formation of a hydroxycyclohexadienyl-type radical, ultimately leading to the formation of ring-
retaining compounds, such as phenols and nitroaromatics, and ring-cleavage compounds such
as a-and +y-dicarbonyls and other unsaturated carbonyl compounds.

The reactions subsequent to OH radical addition to the aromatic ring to form the
hydroxycyclohexadieny! radical(s) are, however, presently not well understood (4). There have

been a number of studies to determine the rate constants for the reactions of the



hydroxycyclohexadienyl and methylhydroxycyclohexadienyl radicals with O,, NO and NO, (27-
34), and Zetzsch and coworkers (27,31,34) have shown that the important reactions are with O,
and NO,. The room temperature rate constants for the reactions of the hydroxycyclohexadienyl
and methylhydroxycyclohexadienyl radicals with O, and NO, (27,34) are (cm® molecule? s?
units) (1.6 + 0.6) x 107 and (5.6 + 1.5) x 10™*® for reaction with O, at 299 K, respectively
(34), and (2.75 + 0.2) x 10™ and (3.6 + 0.4) x 10™ for reaction with NO, at 300-305 K,
respectively (27). These rate constants lead to the expectation that the hydroxycyclohexadienyl
radical will react at equal rates with O, and NO, in an atmosphere of air for an NO,
concentration of 3 x 10" molecule cm?, and for the methylhydroxycyclohexadi
an NO, concentration of 8 x 10'* molecule cm™.

Previous studies of the aromatic ring-retaining products formed from the OH radical-
initiated reactions of benzene, toluene and the xylenes in the presence of NO, showed, however,
no change in the major products formed or in their formation yields over a range of NGO,
concentrations such that the expected reactions of the hydroxycyclohexadieny! radicals ranged
from being mainly with O, to being mainly with NO, (35,36). These product data (35,36),
especially those for nitrobenzene from benzene and m-nitrotoluene from toluene (35), were
interpreted as indicating that the dominant reaction of the hydroxycyclohexadienyl radicals were
with NO, for NO, concentrations > 1.5 x 10'* molecule cm™.

In this study, we have experimentally investigated selected aspects of the atmospheric
chemistry of organic compounds with the aim being to elucidate the reactions under tropospheric
conditions of the alkoxy radicals formed from alkanes (and related compounds) and of the
hydroxycyclohexadienyl radicals formed from the aromatic hydrocarbons.

Sections II through V describe the experimental studies carried out to investigate the

selected aspects of the atmospheric chemistry of alkanes and aromatic compounds.



II. PRODUCTS OF THE GAS-PHASE REACTIONS OF
AROMATIC HYDROCARBONS

The formation of selected ring-retaining and ring-opened products from the OH radical
reactions with toluene, o-xylene and 1,2,3-trimethylbenzene were investigated as a function of
the NO, concentration, including in the absence of NO,. The data obtained, in particular the
formation of 2,3-butanedione (biacetyl) from o-xylene, are consistent with the kinetic data of
Zetzsch and coworkers (27,34), and indicate that under ambient atmospheric conditions the
hydroxycyclohexadienyl radicals formed from the simple monocyclic aromatic hydrocarbons will

react predominantly with O,.

A. Experimental

Experiments were carried out at 296 + 2 K and atmospheric pressure (735 Torr) of
purified air or (air + O,) in a 7900 liter all-Teflon chamber (NTC; New Teflon Chamber)
equipped with two parallel banks of blacklamps (Figure 1). OH radicals were generated in the
presence of NO, from the photolysis of CH;ONO-NO-NQO,-air (or air + O,) mixtures

CH,0 + O, » HCHO + HO,

HO, + NO - OH + NO,

The initial reactant concentrations (in units of 10" molecule em™) for the experiments carried
out in air were: for toluene, CH,ONO, 9.4-40.2; NO, 9.2-27.7; NO,, 0-12.1; toluene, 2.25-
2.28; for o-xylene, CH;ONO, 0.85-23.8; NO, 1.0-22.0; NO,, 0-5.3; o-xylene, 2.15-2.53; and
for 1,2,3-trimethylbenzene, CH;ONO, 1.0-23.8; NO, 0-8.4; NO,, 0; 1,2,3-trimethylbenzene,
2.48-2.63. Irradiations were carried out at 20% of the maximum light intensity for 6-18 mins
(toluene), 3-9 mins (o-xylene) or 0.25-5 mins (1,2,3-trimethylbenzene). In addition, an
irradiation of an o-xylene (2.20 x 10"* molecule cm®)-CH;ONO (9.2 x 10" molecule cm?)-NO

(1.06 x 10" molecule cm™) mixture was carried out in a 4.3% 0,/95.7% N, mixture at 20%

9
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Figure 1. Schematic of the SAPRC ~ 7900 liter all-Teflon chamber.
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maximum light intensity for 3-9 mins. OH radicals were also generated in the absence of NO,
concentrations (in units of 10'* molecule cm?®) of: propene or a-pinene, 4.8; toluene, o-xylene
or 1,2,3-trimethylbenzene, 4.3-5.0; and 6-8 additions of O, (at initial concentrations in the
chamber of § x 10" molecule ¢cm? per addition) were made to the chamber during an
experiment.

The aromatic hydrocarbons and selected products (o-cresol from toluene and 2,3-
butanedione from o-xylene and 1,2,3-trimethylbenzene) were analyzed by gas chromatography

with flame ionization detection (GC-FID). Gas samples of 100 em’® volume were collected from
the chamber onto Tenax-TA solid adsorbent, with subsequent thermal desorption at 250 °C onto
a 30 m DB-5.625 megabore column held at 0 °C and then temperature programmed at 8 °C
min'. GC-FID calibration factors for o-xylene, 1,2,3-trimethylbenzene and 2,3-butanedione
were determined by introducing known amounts of these organic compounds into the NTC.
Calibration factors for toluene, o-cresol and 2,3-dimethylphenol were determined by adding
known amounts in methanol solution to Tenax solid adsorbent cartridges. This and previous (35)
studies indicate quantitative collection and thermal desorption efficiencies for these compounds
using Tenax solid adsorbent. Selected analyses were also carried out by combined gas
chromatography-mass spectrometry (GC/MS) using a Hewlett Packard 5890 GC interfaced to
a HP 5970 mass selective detector operating in the scanning mode. For these GC/MS analyses,
gas samples collected on Tenax-TA solid adsorbent were thermally desorbed at 250 °C onto a
50 m HP-5 fused silica capillary column held at -50 °C and temperature programmed to 200 °C
at 10 °C min™.

Irradiations of 2,3-butanedione (1.2 x 10" molecule cm?)-air, CH,ONO (2.5 x 10"
molecule cm™®-air and CH,ONO (2.5 x 10%* molecule cm*)-NO (1.32 x 10" molecule cm™)-air
mixtures were also conducted at 20% of the maximum light intensity for 10-30 mins to
determine the photolysis lifetimes of 2,3-butanedione and methyl nitrite under the light intensity
and spectral distribution conditions used for the CH;ONO-NO-NO,-aromatic hydrocarbon-air
irradiations. 2,3-Butanedione was analyzed as described above, and CH;ONO was analyzed by
GC-FID using a 1 ¢cm® gas sampling loop and 30 m DB-5 megabore column temperature

programmed from -25 °C at 6 °C min’. NO concentrations during the experiments and the
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initial NO, concentrations were monitored using a Thermo Environmental Instruments, Inc.
Model 42 chemiluminescence NO-NO,-NO, analyzer. NO, concentrations during the CH,ONO-
NO-NO,-aromatic-air irradiations were calculated from the initially measured NO and NO,
concentrations and the assumption (35) that ((NO] + [NO,]) remained constant during these
irradiations.

As noted above, the GC-FID systems were calibrated for the aromatic hydrocarbon
reactants and the o-cresol, 2,3-dimethylphenol and 2,3-butanedione products. Measured
pressures of 2,3-butanedione, as measured using a MKS Baratron 0-100 Torr pressure sensor,

2md

were introduced inio a 2.0 liter e chamber with a
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stream of N, gas. Measured volumes of liquid o-xylene and 1,2,3-trimethylbenzene were
introduced into a 1 liter Pyrex bulb and the contents flushed into the chamber by a stream of N,
gas. The volume of the chamber was determined during these calibrations by introducing a
measured volume of 7rans-2-butene into the chamber and measuring its concentration using a
pre-calibrated GC/loop injection system. Known solutions of toluene, o-cresol and 2,3-
dimethylphenol in methanol solution were spiked onto Tenax solid adsorbent with subsequent
thermat desorption for the GC-FID calibrations of these compounds. Consistency of the initial
concentrations of reactants and the product formation yields in replicate experiments served to
validate the calibration factors during the series of experiments conducted. The NO-NO,
analyzer was calibrated using a National Institute of Standards and Technology NO in N,
mixture. All analytical instruments were maintained as recommended and their performance
routinely checked on a daily basis.

The chemicals used, and their stated purities, were: 2,3-butanedione (99%), o-cresol
(99+ %), 2,3-dimethylphenol (97%), c-pinene (99+ %), toluene (99+ %), 1,2,3-trimethyl-
benzene, and o-xylene (97%), Aldrich Chemical Company; and propene (=99.0%) and NO
(299.0%), Matheson Gas Products. NO, was prepared prior to use by reacting NO with an
excess amount of O,. Methyl nitrite was prepared and stored as described previously (37), and
0, was obtained as needed from a Welsbach T-408 ozone generator. For the majority of the
experiments, purified air (relative humidity ~5%) was used as the diluent gas; a low O,

concentration experiment was carried out in a purified air/O, mixture corresponding to 4.3% O,.
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30 mins irradiation at 20% of the maximum light intensity, and a least-squares analysis of the
data yielded a 2,3-butanedione decay rate due to photolysis of (2.5 + 0.8) x 10° s, where the
indicated error is two least-squares standard deviations. Hence <2% photolysis loss of 2,3-
butanedione would occur during the <9 min duration CH;ONO-NO-air irradiations of o-xylene
and 1,2,3-trimethylbenzene. Photolysis of CH;ONO-NO-air and CH;ONO-air mixtures at 20%
of the maximum light intensity led to photolysis lifetimes of CH,ONO of 16.2 + 0.9 mins and
14.5 + 1.4 mins, respectively, with an average value of 15 mins.

Toluene, o-xylene and 1,2,3-trimethylbenzene were observed to react in dark propene-
aromatic hydrocarbon-O;-air and «-pinene-aromatic hydrocarbon-O,-air mixtures, with the
formation of o¢-cresol from toluene and 2,3-butanedione from o-xylene and 1,2,3-
trimethylbenzene being observed (and focussed on). The fractions of toluene, o-xylene and
1,2,3-trimethylbenzene reacted in these O,-alkene-air mixtures at the end of the reactions were
5-6%, 11-14%, and 24-25%, respectively, which can be compared to ~9% reaction of
cyclohexane in similar systems with all reactant concentrations a factor of two lower (38,39).
Assuming that approximately the same (integrated amounts of OH radicals)/(reactant
hydrocarbon concentrations) occur in these various Os-alkene-air systems, then the fractions of
cyclohexane or aromatic hydrocarbons reacted should be approximately proportional to the OH
radical reaction rate constants. The literature rate constants for the reactions of the OH radical
with toluene, o-xylene, 1,2,3-trimethylbenzene and cyclohexane at room temperature are (in 102
cm® molecule™ s! units) 6.0, 13.7, 32.7 and 7.5, respectively (4, 26), in general agreement with
the percentages of these compounds reacting. This general agreement suggests that the OH
radical reactions with the aromatic hydrocarbons in these O,-alkene-air mixtures occur by both
H-atom abstraction and OH radical addition, since the H-atom abstraction pathways account for
<10% of the total reactions (26). This then means that (despite the absence of NO, in these
systems) the methylhydroxycyclohexadienyl radicals formed from the OH radical addition
pathway must react further rather than back-decompose to reactants via reaction (-1b).

Plots of the amounts of o-cresol formed from toluene and of 2,3-butanedione from o-

xylene and 1,2,3-trimethylbenzene against the amounts of aromatic hydrocarbon reacting in O;-
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alkene-air mixtures are shown in Figures 2 and 3. Taking into consideration the small fractions
of reaction occurring for toluene and o-xylene, reasonably good straight line plots are observed,
with no obvious difference between the data obtained with propene or «-pinene as the alkene for
the experiments with toluene and o-xylene. The product yields obtained from least-squares
analyses are given in Tables 2, 3, and 4, respectively. In the case of o-cresol, the measured
concentrations were corrected for secondary reaction with the OH radical as described previously
(40), using rate constants for the OH radical reactions with toluene and o-cresol of 5.96 x 10*?
cm® molecule? s' and 4.2 x 10" cm® molecule! s, respectively (4,26). Measured NO,
concentrations during these experiments were <2 x 10" molecule cm”.

The product yield data from the OH radical reactions in the presence of NO, are
discussed by the individual aromatic hydrocarbon below.

Toluene. Two experiments were carried out using the irradiation of CH;ONO-NO-air
mixtures to generate OH radicals, with the initial CH,ONO and NO, concentrations being varied
from 9 x 10" molecule cm? each to 4.0 x 10" molecule cm?® each (Table 2). Plots of the
amounts of o-cresol formed, corrected for reaction with the OH radical, against the amounts of
toluene reacted were good straight i
analyses are given in Table 2 together with the average NO, concentrations during these
experiments. The average NO, concentrations were calculated from [NO,],, = E:[Noz]/n where
n is the number of NO, measurements taken (typically 6). The o-cresol yields increase from
0.123 + 0.022 in the absence of NO, to 0.145 + 0.007 at 3.5 x 10" molecule cm™ of NO, to
0.160 + 0.008 at 1.7 x 10" molecule cm™ of NO,, where the indicated errors are two least-
squares standard deviations and do not take into account the uncertainties in the GC-FID
calibration factors for toluene and o-cresol (estimated to be +5% and +10%, respectively).

Reinspection of the data from our previous study of the ring-retaining products of the OH
radical reaction with toluene in the presence of NO, (35), by analysis of the individual
CH,ONO-NO-toluene-air irradiations conducted, also shows evidence for an increase in the o-
cresol formation yield from toluene with increasing average NO, concentration, from 0.17 at 2.4
x 10" molecule cm™ of NO, to 0.20-0.21 at average NO, concentrations =3.5 x 10" molecule
cm?. Although the measured o-cresol formation yields determined here are ~20% lower than

our previous data (35) (and are within the combined experimental uncertainties), the trend with
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10" x [o-CRESOL] o molecule cm?

Figure 2.

é ] { | i 1 | 3 ]
0 0.8 1.6 2.4 32x10"2

-A [TOLUENE] motecule cm?3

Plot of the amounts of o-cresol formed, corrected for reaction with the OH
radical (see text), against the amounts of toluene reacted in O;-alkene-toluene-air
mixtures. The alkenes were: o, propene; A, a-pinene.
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Figure 3. Plots of the amounts of 2,3-butanedione (biacetyl) formed against the amounts of

o-xylene and 1,2,3-trimethylbenzene reacted in O;-alkene-aromatic hydrocarbon-
air mixtures. The alkenes were: v, propene; 0, A, a-pinene.

16



Table 2. Experimental Conditions and o0-Cresol Formation Yields from the OH Radical-
Initiated Reaction of Toluene in Air.

10" x Initial Concentration
NTC (molecule cm™) 10" x [NO,1,,
Run # CH,ONO NO NO, (molecule cm®) | o-Cresol Yield?
120-123 o° 0.123 + 0.022
(+0.026¥
134 9.4 9.19 0.37 3.48 0.145 + 0.007
(+0.018)
136 40.2 27.5 12.1 17.4 0.160 + 0.008
(+0.020)°

2 Corrected for secondary reaction with OH radicals (see text). Indicated errors are two least-
squares standard deviations.

® OH radicals generated from the dark reactions of O, with propene or o-pinene in air (see
text).

¢ Indicated errors are the two least-squares standard deviations combined with estimated overall

uncertainties in the GC-FID calibration factors for toluene and o-cresol of +5% and +10%,
respectively.
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Table 4. Experimental Conditions and 2,3-Butanedione Formation Yields from the OH
Radical-Initiated Reaction of 1,2,3-Trimethylbenzene.

NTC 107 x Initial Concentration 102 x [NO,1,, 2,3-Butanedione
Run # {molecule cm™) (molecule cm™) Yield®
CH,0NO NO NO,
128,129 o 0.180 + 0.022
143 1.01 0.000 0.005 <0.18° d
140 1.14 0.000 0.012 <0.20¢ d
142 1.23 0.000 0.005 <(0.21¢ d
141 23.8 =0.058 0.010 <0.9° d
139 1.23 1.05 0.082 0.578 0.455 + 0.016
138 2.26 2.21 0.055 0.775 0.478 + 0.007
137 4.85 4.28 0.113 1.88 0.464 + 0.023
132 9.36 8.40 0.274 2.36 0.433 + 0.010

* Indicated errors are two least-squares standard deviations, and do not include the estimated
uncertainties in the GC-FID calibration factors for 1,2,3-trimethylbenzene (+5%) and 2,3-
butanedione (+10%).

® OH radicals generated from the dark reaction of O; with a-pinene in air (see text).
¢ Upper limit calculated assuming that all of the CH;ONO photolyzed yields NO, via
0,

CH,ONO + hy =» HCHO + NO, + OH (NO, is removed by reaction with OH radicals via
OH + NO, = HNO,).

4 See text and Figure 8.
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NO, concentration is similar. These data suggest that o-cresol is formed from the two reaction

pathways,
HCHD + O, - o-cresol + HO, (2a)
HCHD + O, —» RO, (2b)
HCHD + NO, - o-cresol + HONO (3a)
HCHD + NO, - products (3b)

where HCHD is the methylhydroxycyclohexadieny! radical formed from reaction (1b). Our
present and previous (35) data suggest that reactions (2) and (3) are of comparable importance
in an atmosphere of air for an NO, concentration in the range of (3-20) x 10* molecule cm.
The kinetic data of Zetzsch and coworkers (27,34) for the reactions of the

mmhylh

diinizy 121

ydroxycyclohexadienyl radical with O, and NO, predict that reactions (2) and (3) will
be of equal importance in one atmosphere of air at an NO, concentration of 8 x 10" molecule
cm?, consistent with our product data. OQur data further indicate that the o-cresol formation
yield from reactions (2) and (3) are reasonably similar, with the yield from reaction (2) [k;./k;!
being ~20% lower than the yield from reaction (3).

It should be noted, however, that the HO, and organic peroxy radical concentrations in
these O,-alkene-toluene experiments were undoubtedly significantly higher than those present in
the ambient atmosphere, and the possibility of radical-radical reactions (for example, of HO, and
organic peroxy radicals with the methylthydroxycyclohexadienyl! radicals) leading to o-cresol
fomation cannot be discounted. However, the o-cresol formation yields from the O;-a-pinene-
toluene-air and O,-propene-toluene-air systems were similar (Figure 2) despite the factor of ~8
difference in the O, reaction rate constants with propene and a-pinene (4).

o-Xylene. A series of CH,ONO-NO-NO,-0-xylene-air irradiations were carried out with
differing initial CH;ONO, NO and NO, concentrations (Table 3). Representative plots of the

amounts of 2,3-butanedione formed against the amounts of o-xylene reacted are shown in
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Figure 4 for three differing average NO, concentrations. As expected (4), the NO,
concentrations generally varied during an experiment due to NO to NO, conversion caused by
the reactions of NO with HO, and other peroxy radicals. The data in Figure 4 show that the
2,3-butanedione yield decreases with increasing average NO, concentration, and the formation
yields from the individual experiments are given in Table 3 together with the initial NO and NO,
and average NO, concentrations and the O, concentration.

The 2,3-butanedione formation yields are plotted as a function of the average NO,
concentration in Figure 5, and the data shown in Figure 5 and given in Table 3 show that the

d i . =9 2_taren H ; ;
determining factor for the 2,3-butanedione yield is the NO, concentra

concentration. Additionally, an experiment (NTC-164) was carried out with a lower (by a factor
of 5) O, partial pressure, and the 2,3-butanedione yield of 0.129 at an average NO,/O,
concentration ratio of 5.6 x 10°® and average NO, concentration of 5.74 x 10'> molecule cm™ is
significantly lower than the 2,3-butanedione yields obtained in air (155 Torr partial pressure of
0,) at the same NO, concentration, but is similar to the yield obtained in air at the same NO,
concentration and NO,/O, concentration ratio. As also discussed below, these 2,3-butanedione
formation yield data show that the yield depends on the NO,/O, concentration ratio.

The 2,3-butanedione formation yield data shown in Figure 5 and Table 3 are consistent
with differing 2,3-butanedione formation yields from the O, and NO, reactions with the
dimethylhydroxycyclohexadienyl radical. With rate constants k, and k, for the reactions of the
dimethylhydroxycyclohexadienyl radical(s) with O, and NO,, respectively, and 2,3-butanedione
formation yields of YO2 (with low but sufficient NO present that RO, radicals react with NO
rather than with other peroxy radicals) and YN02’ respectively, then the measured 2,3-

butanedione formation yield Y is given by,

_ 1‘2[02]ch2 + K[NO,JY o,
K0} + kN0,

@

and a plot of (YOZ-Y)[Oz]/ [NO,] against Y should have a slope of ki/k, and an intercept on the

Y-axis of Y The experimental data shown in Figure 5 indicate that the value of YO is in

2

NO,’
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Figure 4.
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Plots of the amounts of 2,3-butanedione formed against the amounts of o-xylene
reacted in irradiated CH,ONO-NO-NO,-o-xylene-air mixtures. Average NO,
concentrations (in molecule cm™ units) are given and the differing symbols
identify different experiments. o, NTC-150; 8, NTC-162; a, NTC-133; a,
NTC-160; v, NTC-146; 0, NTC-163; v, NTC-161.
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Figure 5.
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Plot of the 2,3-butanedione formation yields against the average NO,
concentrations. o, Irradiations of CH;ONO-NO-o-xylene-air mixtures;

a, Irradiation of a CH;ONO-NO-NO,-0-xylene-air mixture (NTC-163);

[, Irradiation of a CH;ONO-NO-o-xylene-0, (4.3%)-N, (NTC-164) mixture;
e, Reaction of Oj-alkene-o-xylene-air mixtures. [See Table 3 for initial
conditions]. (——), Calculated 2,3-butanedione yield for one atmosphere of air
with k, = 2.3 x 10"® cm® molecule” s; Yo = 0.185; k; = 3.0 x 10" cm’
molecule! s7; YNO; = (.04 (see text). 2
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the range 0.18-0.19. Use of Equation (1) with values of Y02 = (0.180, 0.185 and 0.190 leads
to values of ky/k, and YN02 of (9.0 + 2.7) x 10* and 0.018 + 0.036; (1.30 + 0.28) x 10° and
0.040 + 0.028; and (1.70 + 0.34) x 10° and 0.051 + 0.027, respectively, where the indicated
errors are two least-squares standard deviations. A plot of (Yoz-Y)[OZ]/[NOZ] against Y is
shown in Figure 6 for Y02 = 0.185, and the corresponding values of Y (with ky/k, = 1.30 x
10° and YNoz = 0.040) are shown by the solid curve in Figure 5. The data point obtained in
4.3% O, (run NTC-164) agrees with the data obtained in air with 21% O, (Figure 6), confirming
the competition between the reactions of the dimethylhydroxycyclohexadieny! radical(s) with O,
and NO,.

Assuming that the rate constant for the reaction of NO, with the dimethyi-
hydroxycyclohexadienyl radical formed from o-xylene is the same as those for the corresponding
reactions of benzene and toluene, with k; = 3 x 10" cm® molecule s (27,34), then our data
shown in Figure 5 in the presence of NO, in air are fit by 2,3-butanedione formation yields of
0.185 for the O, reaction and 0.040 for the NO, reaction and k, = 2.3 x 10 ¢cm® molecule™
¢!, This rate constant of k, = 2.3 x 10""° cm® molecule” s” is in the same range as those
obtained by Zetzsch and coworkers (27,34) for the reactions of O, with the hydroxy-
cyclohexadienyl and methylhydroxycyclohexadienyl radicals at room temperature, of (2-5) x 107
cm® molecule™ s

The lower 2,3-butanedione yield in the absence of NO; is attributed to the occurrence of
peroxy + peroxy radical reactions rather than peroxy radical reactions with NO. A speculative

reaction sequence which is consistent with our data is (HCHD is the dimethyl-

hydroxycyclohexadienyl radical):

OH + o-xylene » H,0 + CH,CH.CH, (1a)
OH + o-xylene — HCHD (1b)
HCHD + O, » a RO, (2b)
HCHD + NO, - 8 RO + NO ' (3b)
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Figure 6.
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Plot of (Y -Y){O,)/[NG,] against Y for the OH radical-initiated reaction of
o-xylene in the presence of NO,. Y is the measured 2,3-butanedione yield and
Y. is the 2,3-butanedione yield from the reaction when the hydroxycyclo-
hexAdieny! radical(s) react with O,. o - Irradiations of CH;ONG-NO-NO,-0-
xylene-air mixtures; &, Irradiation of a CH,0ONO-NO-0-xylene-O, (4.3%)-N,
mixture (NTC-164).
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RO, + RO, -» 2y RO )
RO, + NO - § RO + NO, (5)
RO - -» ¢ 2,3-butanedione ©)

In the presence of NO, when reaction of the HCHD radical with O, dominates, the 2,3-
butanedione formation yield is given by k,/k,ade = 0.185, while when reaction of the HCHD
radical with NO, dominates the 2,3-butanedione yield is given by k,,/k,fe = 0.04. In the
absence of NO, peroxy + peroxy radical reaction [reaction (4)] dominates over peroxy radical
+ NO reaction [reaction (5)] and the 2,3-butanedione formation yield is given by k;,/k aye =
0.09. Since k,/k, = 0.9 (4,26), ade = 0.21, Be = 0.044 and aye = 0.10. Furthermore, o
= (.82 since reaction (2a) to form the 2,3- and 3,4-dimethylphenols accounts for 16% of the
overall reaction (36).

The 2,3-butanedione formation yields obtained in this work are in good agreement with

LAVRE1 S QUL GV 1.

orted from this laboratory by Darnall et al. (41), of 0.18 + 0.04 at low
concentrations of NO, (1.2 x 10" molecule cm?) at 283-323 K, and by Atkinson et al. (42) of
0.137 + 0.016 for an NO, concentration of 2.35 x 10*? molecule cm™. Additionally, Bandow
and Washida (43) reported a 2,3-butanedione formation yield from o-xylene of 0.10 + 0.02
from the irradiation of o-xylene-NO-NO,-air mixtures with initial NO and NO, concentrations
of 3.6 x 10" and 1.2 x 10" molecule cm?, respectively, although it should be noted that no
corrections were made for any photolysis of the 2,3-butanedione during the irradiations.
While only limited studies were made, 2,3-dimethylphenol [the most abundant phenol
formed from o-xylene (36)] was observed by GC/MS analyses in runs NTC-149 (an O;-propene-
o-xylene-air reaction mixture) and NTC-146 (an irradiated CH,0ONO-NO-o-xylene-air mixture).
Identification of the small GC-FID peak due to 2,3-dimethylphenol was rendered difficult due
to the small amounts present (and in NTC-149 due to the small amounts of o-xylene reacted).
However, approximate 2,3-dimethylphenol formation yields (corrected to take into account
reaction of 2,3-dimethylphenol with the OH radical) of 0.024 + 0.009 in the absence of NO,

and 0.058 + 0.010 for an average NO, concentration of 8.5 x 10" molecule cm? were obtained.
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The 2,3-dimethylphenol formation yield then appears to increase with increasing NO,
concentration, as for o-cresol from toiuene, aithough our 2,3-dimethyiphenol yieid from run
NTC-146 is 40% lower than that of 0.097 1+ 0.024 reported previously (36) for NO,
concentrations =1.6 x 10" molecule cm?.

1.2 3-Trimethylbenzene. A series of CH,ONO-NO-NO,-1,2,3-trimethylbenzene-air
irradiations were carried out, and the initial conditions, average NO, concentations and 2,3-
butanedione formation yields obtained are given in Table 4. The 2,3-butanedione formation
yields determined were independent of the average NO, concentrations over the range (0.58-2.4)
x 10" molecule cm™ (Table 4 and Figure 7), with a mean 2,3-butanedione formation yield of
0.444 + 0.053, where the indicated error is two least-squares standard deviations combined with
the estimated overall uncertainties in the GC-FID calibration factors for 1,2,3-trimethylbenzene
(£5%) and 2,3-butanedione (+10%). This 2,3-butanedione formation yield is a factor of 2.5
higher than that observed in the absence of NO, (Table 4).

Figure 7 is a good straight-line plot, and no evidence for a lower 2,3-butanedione yield
was observed even during the shortest irradiation period in run NTC-139, where the average
NO, concentration was calculated to be ~ 1.6 x 10" molecule cm?®. This observation suggests
that the 2,3-butanedione formation yield is independent of NO, concentration over the range
(0.16-3.6) x 10" molecule cm™, with the highest NO, concentration being that for the last of the
three irradiation periods in run NTC-132. Our 2,3-butanedione yield of 0.444 + 0.053 under
these conditions is in excellent agreement with that reported by Bandow and Washida (44) of
0.45 + 0.02 but is a factor of 1.4 higher than that previously determined in this laboratory by
Tuazon et al. (45) of 0.316 + 0.036 by GC with electron capture detection. Both of these
studies were conducted in the presence of NO, at concentrations of 5 x 10" molecule cm™ (44)
and 1.2 x 10" molecule cm™ (45).

In contrast to the irradiations of CH;ONO-NO-NO,-1,2,3-trimethylbenzene-air mixtures,
irradiations of CH;ONO-1,2,3-trimethylbenzene-air mixtures (with NO, and NO being generated
from the photolysis of CH;ONO) led to initially lower formation yields of 2,3-butanedione
(Figure 8). For low amounts of 1,2,3-trimethylbenzene reacted, corresponding to calculated
upper limit NO, concentrations of <3.5 x 10" molecule cm?®, the 2,3-butanedione formation

yields are lower than the value of 0.44 obtained from the data shown in Figure 7.
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Figure 7.
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Figure 8.
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Plot of the amounts of 2,3-butanedione formed against the amounts of 1,2,3-
trimethylbenzene reacted in irradiated CH,0NO-1,2,3-trimethylbenzene-air
mixtures. o, NTC-140, 142 and 143; o, NTC-141. (- - -), 2,3-Butanedione yield
from data obtained at NO, concentrations in the range (0.16-3.6) x 10" molecule

cm? (Figure 7).
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a lower 2,3-butanedione formation yield from the O, reaction than the NO, reaction with the
trimethylhydroxycyclohexadieny! radical(s) or (b) under low NO, concentration conditions {and
hence low NO concentrations), peroxy + peroxy radical reactions are in competition with
peroxy radical + NO reactions (i.e., in a transition from the 2,3-butanedione formation yield
of 0.18 in the absence of NO, to a yield of 0.44 in the presence of sufficient NO that peroxy
radicals react predominantly with NO). Whatever the reason, under our experimental conditions

this transition appears to occur in the NO, concentration range ~ (1-3) x 10'> molecule cm™.

Reassessment of Nitroaromatic Formation Yield Data

Our previous nitroaromatic yield data from the OH radical-initiated reactions of benzene
(35), toluene (35) and o-, m- and p-xylene (36) were interpreted in terms of reaction of the
hydroxycyclohexadieny! radicals only with NO, for NO, concentrations = 1.5 x 10" molecule
cm, and the O, reaction was not explicitly considered. Since our present product data are in
agreement with the kinetic data of Zetzsch and coworkers (27,34) in that the
hydroxycyclohexadienyl radicals react with both O, and NO,, a reanalysis of our previous data

(35,36) is necessary. With the general reaction scheme,

HCHD + O, — products 2)

——> nitroaromatic (3c)
HCHD + NO, —

L other producis (3a + 3b)

we have reanalyzed our previous data for the formation of nitrobenzene from benzene (35) and
m-nitrotoluene from nitrotoluene (35). The rate constants reported by Zetzsch and coworkers
(27,34) for the reactions of the hydroxycyclohexadienyl and methylhydroxycyclohexadienyl
radicals with O, and NO, were used.

Figures 9 and 10 compare our previous experimental data (35) with calculated curves

using nitroaromatic yields from reaction (3) [k;/ki] of 0.07-0.09. The fits are reasonable,
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Figure 10,
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Plot of the m-nitrotoluene formation yield against the NO, concentration (taken
from ref. 35). (—), Fit with k, = 5.2 x 10 cm® molecule? s, k; = 3.6 x
10! cm?® molecule” s' and a m-nitrotoluene yield from reaction (3) of 0.076
(using k,/k, = 0.92 for toluene (4); k; k,/kk; = 0.07).
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although there appear to be discrepancies at high NO, concentrations for both the benzene and
toluene systems and at intermediate NO, concentrations for the toluene system. Whether these
discrepancies are random or systematic (the latter case implying disagreement with the reaction

scheme used to derive the curves drawn in Figures 9 and 10) remains to be determined.

C. Conclusions

The formation yields of selected products have been determined for the OH radical-
initiated reactions of toluene, o-xylene and 1,2,3-trimethylbenzene in the presence and absence
of NO,.
butanedione from o-xylene are consistent with the reactions of the intermediate
hydroxycyclohexadienyl-type radicals with O, and NO,. In particular, the formation yields of
2.3-butanedione from o-xylene lead to a rate constant ratio for the reactions of the
dimethylhydroxycyclohexadienyl radical(s) with NO, and O, of 1.3 x 10° and yields from the
0, and NO, reactions of 0.21 and 0.044, respectively. Our data and those of Zetzsch and
coworkers (27,34) then show that under typical tropospheric conditions the
hydroxycyclohexadienyl-type radicals formed from benzene, toluene, the xylenes and

trimethylbenzenes react predominantly with O,.
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Il. PRODUCTS OF THE GAS-PHASE REACTIONS OF
SELECTED KETONES

As noted in Section I above, the degradation reactions of alkanes (and alkenes) in the
troposphere proceed through the intermediary of alkyl (R) radicals, alkyl peroxy (RO,) radicals
and alkoxy (RO) radicals, or their hydroxy- or nitrato- substituted homologs (4). A major
uncertainty in these degradation schemes, which affects the products formed, concerns the
reactions of the alkoxy radicals, and especially the relative importance of their thermal
decomposition, unimolecular isomerization, or reaction with O, (4,46). For the 2-pentoxy

radical, these reactions are,

CH,CH(O)CH,CH,CH,

\

decompos. 0, isomeriz.
CH,CHO + CH,CH,CH, CH,C(O)CH,CH,CH, + HO, CH,CH(OH)CH,CH,CH,
or
CH, + CH,CH,CH,CHO

with the isomerization reaction proceeding via a 6-membered transition state and involving
intramolecular H-atom abstraction from a C-H bond on the §-carbon (20,47,48). To date, the
occurrence of the isomerization reaction at room temperature has been inferred by the lack of
the products expected from the competing alkoxy radical decomposition and reaction with O,
(24,25,47).

To attempt to provide unambiguous evidence for the occurrence of the alkoxy radical
isomerization reaction, we investigated the formation of selected products from the OH radical
reactions with 4-methyl-2-pentanone [CH,C(O)CH,CH(CH,),] and 2,6-dimethyl-4-heptanone
[(CH,),CHCH,C(O)CH,CH(CH;),]. For 2,6-dimethyl-4-heptanone, it was expected that the
majority of the OH radical reaction would occur by H-atom abstraction from the tertiary > CH-

bonds (49), with the resulting alkoxy radical either undergoing decomposition to form acetone
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as a primary product (plus other products) or isomerization to yield 2-methylpropanal

(isobutyraldehyde) as a primary product (4) (these primary products are underlined below).

0
(CHa)zCHCHZC(O)CHzcl(CHJ)Z

" e

(CH:,)chCHZC(O)CH2 + CH,C(O)CH, (CH,);CHCHC O)CH,C(OH)(CHy),
I
NO f- NO,

(CH,),CHCH O)C O)CH,C(OH)(CH,),
1 decomp

(CH),CHCHO + (CH,),C(OHICH,CO

As discussed below, the data obtained were more complex, but provide useful insights into the

relative importance of the various alkoxy radical reaction pathways.

A. Experimental
Experiments were carried out at 296 + 2 K and 740 Torr total pressure of purified air

(3-5% relative humidity) in a 7900 liter all-Teflon chamber (Figure 1) equipped with two parallel
banks of blacklamps. Hydroxyl radicals were generated by the photolysis of methy! nitrite
(CH,ONO) in air at wavelengths >300 nm (37), and NO and NO, were included in the reactant
mixtures to either avoid the formation of O, (and hence of NO, radicals) or provide information
concerning the reaction mechanism(s) [see Results section below]. The initial reactant
concentrations (in molecule cm” units) were: CH,;ONO, (2.4-2.6) x 10'; NO, (0.75-2.4) x 10*;
NO,, (0-1.5) x 10'**; 4-methyl-2-pentanone or 2,6-dimethyl-4-heptan6ne, (4.03-4.44) x 10"
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Irradiations were carried out at 50% of the maximum light intensity fof 5-15 mins (4-methyl-2-
pentanone) or 3-9 mins (2,6-dimethyl-4-heptanone). In certain experiments, 4.8 x 10 molecule
cm? of NO was added to the chamber after the irradiations had been completed in order to
assess whether or not the carbonyl products being monitored were formed through the
intermediary of acyl and/or acyl peroxy radicals (4).

The ketone reactants and selected carbonyl products were analyzed during the

experiments by gas chromatography with flame jonization detection (GC-FID). For the analyses

l-glass, gas-
introduced via a 1 cm’® gas sampling loop onto a 30 m DB-5 megabore column in a Hewlett
Packard (HP) 5890 GC, initially held at -25 °C and then temperature programmed to 200 °C at
8 °C min'. For the analyses of acetone, 100 cm® volume samples were collected from the
chamber onto Tenax-TA solid adsorbent, with subsequent thermal desorption at 225 °C onto a
30 m DB-5.625 megabore column in a HP 5710 GC, initially held at 0 °C and then temperature
programmed to 200 °C at 8 °C min'. Gas samples were also collected onto Tenax-TA solid
adsorbent for subsequent thermal desorption and analysis by combined gas chromatography-mass
spectrometry (GC-MS), using a 60 m DB-5MS fused silica capillary column, temperature
programmed from -80 °C at 10 °C min to 250 °C, in a HP 5890 GC interfaced to a HP 5970
mass selective detector operated in the scanning mode. The NO concentrations and initial NO,
concentrations were monitored during these experiments using a chemiluminescence NO-NO,
analyzer.

The GC-FID instruments were re-calibrated several times during this study, using the
methods described above, and good agreement was obtained except for the Tenax solid
adsorbent/thermal desorption system during one time period when gas flow problems to the GC
were encountered; experiments carried out during these time periods were not used in the data
analysis discussed below. The NO-NO, analyzer was calibrated with a National Institute of
Standards and Technology NO in N, gas mixture. All analytical instruments were maintained

as recommended and their performance checked on a daily basis.
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The chemicals used, and their stated purities, were: acetone (>99.6%), Fisher
Scientific; 4-methyl-2-pentanone (99+ %) and 2-methylpropanal [isobutyraldehyde] (99+ %),
Aldrich Chemical Company; 2,6-dimethyl-4-heptanone (99%), Chem Samples; and NO
(299.0%), Matheson Gas Products. Methyl nitrite was prepared and stored as described
previously (37). NO, was prepared just prior to use by reacting NO with an excess of G,.

B. Results and Discussion
FUTT ART ORTSY R A M

4-Methyi-2-pentanone. A series of CH,ONO-NO-NO,-4-methyl-2-pentanone-air

irradiations were carried out, and the products observed by GC-FID and GC-MS analyses were
acetone and 2-methylpropanal. In order to determine whether these products, or a fraction of
these products, were formed through the intermediary of acyl or acyl peroxy radicals, NO was
added to the reactant mixtures after the OH radical reactions were completed and analyses
conducted, and repeat analyses carried out 1-3 hrs later. This procedure allowed any acyl
peroxynitrates to thermally decompose.

RC(0)OONO, - RC(0)00 + NO, 0
RC(0)0OO + NO, - RC(0)OONO, (8)

RC(0)OO + NO - RC(0)O + NO, ©)

|

}

R + CO,

The concentrations of acetone and 2-methylpropanal showed no increase after the addition
of NO to the reacted mixtures, indicating that no significant fraction of these two products were

formed through the intermediary of acyl or acyl peroxy radicals [through reactions (7)-(9)].
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Since acetone and 2-methylpropanal react with the OH radical (4), the measured concentrations
of acetone and 2-methylpropanal were corrected to take into account their reaction with OH
radicals (40), using rate constants for the OH radical reactions (in units of 10" cm’ molecule’
s1) of: 4-methyl-2-pentanone, 14.1 (4,26); acetone, 0.219 (4); and 2-methylpropanal, 26.3
(4,26). The multiplicative factors to account for reactions of the products with OH radicals
during the reactions were < 1.01 for acetone and =<1.99 for 2-methylpropanal, and the amounts
of acetone and 2-methylpropanal formed, corrected for reaction with the OH radical, are plotted

eacted in Figure 11. Good straight line plots are

]

against the amounts of 4-methyl-2-pentanone

I'\"\DD -
observed, and least-squ naly fth ] 1¢ formation

Secondary formation of acetone from the reaction of the OH radical with 2-methylpropanal (4)
was of minor importance, accounting for <4.7% of the observed acetone.

The acetone yield determined here of 0.78 + 0.06 is in reasonable agreement with the
yields reported by Cox et al. (24,50) of 0.68 (50) and 0.90 (24). Cox et al. (24,50) also
reported the formation of peroxyacetyl nitrate (PAN; CH,C(O)OONO,) (24,50), indicating the
formation of CH,CO radicals (4, 24), and a lack of formation of methylglyoxal (CH,C(O)CHO)
(24). The OH radical reaction with 4-methyl-2-pentanone proceeds by H-atom abstraction from
the various -CH, , -CH,- and > CH- groups, and the estimation method of Atkinson (49) allows
the rate constants for H-atom abstraction from these groups, and hence the distribution of alkyl
radicals formed, to be calculated. The percentage of the overall OH radical reaction occurring
by H-atom abstraction from the C-H bonds at the various carbon atoms are then calculated to
be: from the -CH, group at the 1-position, 1%; from the -CH,- group at the 3-position, 9%;
from the >CH- group at the 4-position, 8%; and from the two equivalent -CH; groups at the
5-positions, 4%. The estimated overall reaction rate constant of 9.4 x 10> cm’ molecule” s’

at 298 K can be compared to the recommended value of 1.41 x 107! cm’ molecule™ s (4, 26).
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Figure 11.  Plots of the amounts of acetone and 2-methylpropanal formed, corrected for
reaction with the OH radical (see text), against the amounts of 4-methyl-2-
pentanone reacted with the OH radical.
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Table 5. Experimental Yields of Acetone and 2-Methylpropanal from the Reactions of the

NI Dadinral with A_Mathvul D _nantannna and 2 A_DNimathul_A_hantanane a at 296 4

i1 ndaiCa: wiil 4- VIGHY 174 P iilaliVviie diibd &, UT i/ llivul Y 17T e plalivine T

2 K and 740 Torr Total Pressure of Air.

Formation Yield?

Ketone Acetone 2-Methylpropanal
4-Methyl-2-pentanone 0.78 + 0.06 0.071 £ 0.011
2,6-Dimethyl-4-heptanone 0.82 + 0.11° 0.385 + 0.034

0.68 + 0.11°

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

>Amount formed increased after addition of NO to reacted mixtures (see text). This
yield is from data obtained after addition of NO.

“Corrected to take into account secondary formation from the OH radical reaction with
2-methylpropanal (see text).
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After addition of O, and reaction with NO, neglecting organic nitrate formation (4, 20,40)
from the RO, + NO reaction, the alkoxy radicals formed and their expected possible reactions
are as shown in Reaction Schemes (Ia-Id). In these reaction schemes, the alkyl and alkyl peroxy
radicals have been omitted for clarity and only the alkoxy and acyl radicals involved are shown.
Based on experimental data (4,46,50,51) and thermochemical estimations (4) concerning the
alkoxy radical reactions with O, and decomposition, the expected relative importance of

thepossible alkoxy radical reaction pathways are indicated by the arrows [with the relative
importance being given by (—®) > (=) > (- - »)]. The estimates for alkoxy radical reactions

with O, and decomposition used thermochemical data from the NIST thermochemical data
computer program (52), which for molecules for which experimental data are not available uses
the group additivity method of Benson (53). The alkoxy radicals (CH,),CHO and
CH3C(O)CH20 are known (50,51,54) and calculated (4) to predominantly react with O, and
decompose, respectively, at room temperature and one atmosphere of air, while the
(CH,),CHCH,O radical is calculated (4) to predominantly react with O, at room temperature and
atmospheric pressure of air. The intermediary of acyl and/or acyl peroxy radicals are indicated
in Reaction Scheme (Ia-Id) by muitiple arrows and the symbol @.

The (CH,),CHCH,C(O)CH,0 and CH,C(O)CH,CH(CH,)CH,O radicals formed after H-
atom abstraction from the -CH, groups at the 1- and 5-positions, respectively, are calculated to
account for 1% and 4%, respectively, of the overall reaction, with the
CH3C(O)CH2CH(CH3)CH20 radical formed after H-atom abstraction from the -CH; groups at
the 5-position not being expected to lead to acetone or 2-methyipropanal (Reaction Scheme Id).
Hence the observed acetone and 2-methylpropanal must arise almost totally after H-atom

abstraction from the -CH,- an

1= 218

for >CH- groups.

The CH,C(O)CH(O)CH(CH,), radical formed after H-atom abstraction from the -CH,-
group at the 3-position cannot undergo isomerization via a 6-membered transition state, and
hence decomposition and reaction with O, are expected to dominate (4,46). Thermochemical
calculations (4) indicate that decomposition will dominate for lower tropospheric conditions,
leading to 2-methylpropanal (Reaction Scheme Ib). The CH3C(O)CH2C(O)(CH3)2 radical formed
after H-atom abstraction from the > CH- group at the 4-position cannot react with O,, leaving

decomposition and isomerization as possible pathways (Reaction Scheme Ic). Isomerization
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would lead, by decomposition of the intermediate alkoxy radical (CH,),C(OH)CH,C(0)CH,0

PR . PR PR

{(isomerization of this radical cannot occur via a 6-membered transition state), to formation

rmation of
acetone through the intermediary of an acyl radical. The observed lack of an effect of adding
NO to the reaction system shows that an acyl radical is not a precursor to the acetone, and hence
that decomposition of the CH;C(O)CH,C(O)(CH;), radical must occur (Reaction Scheme Ic).

Based on Reaction Schemes (Ia-Id) and the calculated relative importance of the various
alkoxy radical pathways, our acetone and 2-methylpropanal yields indicate that 2-methylpropanal
is formed after H-atom abstraction from the -CH,- group and that acetone is formed after H-
atom abstraction from the >CH- group. Furthermore, our measured 2-methylpropanal and
acetone yields of 0.071 £ 0.011 and 0.78 £ 0.06, respectively, are close to the estimate that
9% and 86% of the overall OH radical reaction with 4-methyl-2-pentanone proceeds by H-atom
abstraction from the -CH,- and > CH- groups, respectively (49). Organic nitrate formation from
the reactions of RO, radicals with NO (4) then appears to be of minor (~10% or less)
importance, consistent with the alkyl nitrate yields from C; and C4 alkanes (4,22). As discussed
further below, it is of interest that decomposition of the CH,C(0)CH,C(O)(CH,), radical appears
to dominate over isomerization since present estimation methods suggest that both processes
should be of similar importance, with the decomposition and isomerization rates being ~7 x 10
s each at 298 K (4).

2.6-Dimethyl-4-heptanone. A series of irradiations of CH;ONO-NO-NO,-2,6-dimethyl-4-
heptanone-air mixtures were carried out. As for 4-methyl-2-pentanone, the major products
observed by GC-FID and GC-MS analyses were acetone and 2-methylpropanal. Secondary
reactions of acetone and 2-methylpropanal with the OH radical were taken into account using
the rate constants given above for acetone and 2-methylpropanol and a rate constant for the
reaction of the OH radical with 2,6-dimethyi-4-heptanone of 2.75 x If’T“ cm’ molecule! s
(4.26). In these experiments, the multiplicative factors to take into account OH radical reaction
were <1.01 for acetone and <1.63 for 2-methylpropanal. In contrast to the OH radical
reaction with 4-methyl-2-pentanone, addition of NO to reacted 2,6-dimethyl-4-heptanone
mixtures led to an increase in the acetone yields (Figure 12), showing that acetone was formed,
at least in part, through the intermediate formation of an acyl radical. No effect on NO addition
was noted for 2-methylpropanal, indicating that 2-methylpropanal was not formed through an
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Figure 12.
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Plots of the amounts of acetone formed, corrected for reaction with the OH
radical (see text), against the amounts of 2,6-dimethyl-4-heptanone reacted with
the OH radical. Initial NO and NO, concentrations (in units of 10" molecule
cm?) were: 0, o, 1.9 and 0.3, respectively; a, a, 1.2 and 1.3, respectively;

v, v, 0.7 and 1.5, respectively; OJ, l, 2.4 and O, respectively. o, 4, v, R,
Analysis =1 hr after addition of NO to reacted mixture. Line is from a least-
squares analysis of data shown by filled symbols.
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acyl radical intermediate. Plots of the amounts of acetone and 2-methylpropanal formed [the
acetone being after the addition of NO (Figure 12)], corrected for reaction with the OH radical,
against the amounts of 2,6-dimethyl-4-heptanone reacted are shown in Figure 13. The acetone
and 2-methylpropanal yields obtained from least-squares analyses of these data are given in
Table 5. Secondary formation of acetone from the OH radical reaction with 2-methylpropanal
was calculated, assuming an acetone yield of unity, to account for up to 18% of the measured
acetone concentrations in these experiments and the acetone yield corrected for secondary
formation from 2-methylpropanal is also given in Table 5.

Three other product peaks were observed by GC-MS (two being much smaller than the
third) with two (one being the major of the three) having mass spectra suggestive of
dimethylheptenones [highest mass ions at m/z 140 and similar fragment ions to those of parent
2,6-dimethyl-4-heptanone (which is of molecular weight 142)] and the other with a m/z 141 ion
as the highest mass observed. At least one of the m/z 140 peaks may arise from decomposition
of a tertiary alkyl nitrate during the thermal desorption process. If this is the case, then
assuming a similar GC-FID response for the observed dimethylheptenone(s) as for 2,6-dimethyl-
4-heptanone (55), the single GC-FID peak observed would account for 10-15% of the overall
reaction products.

The OH radical reaction with 2,6-dimethyl-4-heptanone proceeds by H-atom abstraction
from the -CH;, -CH, and >CH- groups, with the estimation method of Atkinson (49) leading
to calculated percentages of H-atom abstraction of 4% from the four equivalent -CH; groups,
9% from the two equivalent -CH,- groups and 87% from the two equivalent > CH- groups. The
measured OH radical reaction rate constant for 2,6-dimethyl-4-heptanone is almost exactly a
factor of 2 higher than that for 4-methyl-2-pentanone (4, 26), as expected (49), showing that with
respect to the initial OH radical reaction 2,6-dimethyl-4-heptanone can be viewed as being
similar to two molecules of 4-methyl-2-pentanone. Neglecting alkyl nitrate formation from the
reactions of the organic peroxy radicals with NO (4,40), then the possible reaction schemes for
the three initially formed alkoxy radicals formed after H-atom abstraction from the -CH;, -CH,-
and >CH- groups are shown in Reaction Schemes II{a-c). The relative importance of certain
of the alkoxy radical reactions, as either known from experimental studies (4,46,50,51,54) or

estimated (4,52), have been indicated as noted for Reaction Scheme I, and only the alkoxy and
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Figure 13.
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Plots of the amounts of acetone [after addition of NO to the reacted mixtures

(data shown as @, A, ¥, B in Figure 12)] and 2-methylpropanal, corrected for
reaction with the OH radical (see text), against the amounts of 2,6-dimethyl-4-
heptanone reacted with the OH radical.
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acyl radicals are shown for clarity. Furthermore, the reaction of the (CH,),CHCH,C(0)CH,0
radical with O,, estimated to be of minor importance relative to decomposition, has been omitted
for clarity in Reaction Scheme Ila.

While these reaction schemes are complex, the experimental data allow certain
conclusions to be drawn. Since the (CH3)2CHCH2C(O)CH2CH(CH3)CH20 radical formed after
H-atom abstraction from the -CH, groups accounts for only <4% of the overall reaction
(depending on the importance of nitrate formation from the RO, + NO reaction), any acetone
or 2-methylpropanal formation from this radical (Reaction Scheme Ila) can only account for a
minor fraction of the acetone and 2-methylpr .

The (CH;,)ZCHCI-12C(O)CH(O)CH(CH3)2 radical accounts for <9% of the overall OH
radical reaction, depending on the importance of nitrate formation from the RO, + NO reaction.
Based on the observation that the yield of 2-methylpropanal was not affected by NO addition to
the reacted mixtures and the expectation that the decomposition of the
(CH3)2CHCH2C(O)CH(O)CH(CH3)2 radical dominates over reaction with O, (4), then this alkoxy
radical must predominantly react by isomerization to lead to 0-2 molecules of acetone (Reaction
Scheme IIc), with the number of molecules of acetone formed depending on the reactions
subsequent to the first isomerization reaction (Reaction Scheme IIc).

Therefore, the major amount of 2-methylpropanal formed must arise after H-atom
abstraction from the >CH- groups. From Reaction Scheme IIb and noting that (a) 2-
methylpropanal formation does not involve an acyl radical precursor, (b) H-atom abstraction
from the >CH- groups is estimated to account for 87% of the overall OH radical reaction with
2,6-dimethyl-4-heptanone, and (c) that the 2-methylpropanal yield is 0.385 + 0.034 (Table 4),
then the (CH3);,_CHCH2C(O)CH2C(O)(CH3)2 alkoxy radical must undergo both isomerization and
decomposition. These considerations show that 2-methylpropanal must be formed mainly from
the isomerization reaction of the (CH3)2CHCH2C(O)CH2CH(O)(CH3)2 radical.

Reaction Scheme IIb indicates that this formation of 2-methylpropanal via isomerization
of the (CH3)2CHCH2C(O)CHZC(O)(CHQ2 radical, followed by decomposition of the resulting
(CH3)ZCHCH(('))C(O)CHZC(OH)(CH;)2 alkoxy radical (isomerization by a 6-membered transition
state cannot occur), should be accompanied by acetone formation through the intermediary of

an acyl radical. The remainder of the measured acetone yield, of ~0.30, is significantly higher
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than can be formed after initial H-atom abstraction from the -CH,- groups (9% of the overall
OH radical reaction) [Reaction Scheme IIc] and hence acetone must also be formed from
decomposition of the alkoxy radical formed after H-atom abstraction from the >CH- groups
(Reaction Scheme IIb).

Relative Importance of Alkoxy Radical Isomerization vs. Decomposition. For the
reaction of the OH radical with 2,6-dimethyl-4-heptanone in the presence of NO,, the initially
formed alkoxy radicals and the yields of acetone and 2-methylpropanal formed from these alkoxy
radicals via the various reaction pathways shown in Reaction Schemes II(a-c) are summarized
xperimenta ta show that
1somerization of the (CH3)2CHCH2C(O)CHZC(('))(CH3)2 radical must occur and that for this
alkoxy radical isomerization and decomposition must be of comparable importance at room
temperature.

Our present acetone and 2-methylpropanal formation yield data from the OH radical-
initiated reactions of 4-methyl-2-pentanone and 2,6-dimethyl-4-heptanone in the presence of NO,
allow the relative importance of isomerization versus decomposition for the alkoxy radicals
CH,C(O)CH,C(O)CH.),, (CH,),CHCH,C(O)CH,0 and (CH,),CHCH,C(0)CH,C(O)(CH,), to
be obtained. These alkoxy radicals are given in Table 7 together with ratios of
k(decomposition)/k(isomerization) derived from our experimental data and from present
estimation methods (4). As indicated by Atkinson (4), these estimates for the decomposition and
isomerization rates are subject to significant uncertainties.

The decomposition and isomerization reactions for each of the three alkoxy radicals listed

in Table 7 can be respectively viewed as:
CH,C(0)CH,C(O)(CH,), radical
>C(0)CH,C(O)CH, - >CO + CH,C(O)CH, (decomposition) (10)

>C(0)CH,C(O)CH, - >C(OH)CH,C(O)CH,  (isomerization) (11)
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(CH,),CHCH,C(O)CH,C(O)(CH,), radical
> C(O)CH,C(O)CH,- » >CO + CH,C(O)CH,-  (decomposition)  (12)
> C(O)CH,C(0)CH,- - > C(OH)CH,C(O)CH- (isomerization)  (13)
(CH,),CHCH,C(O)CH,O radical

PPN s~ r ry 'Y o Vi Ty Ty

> C(O)C(O)CH,CH< -» >CO + C(O)CH,C

PP Dy

. P P fal
< {aecomposition)

-~
—
Y

N

>C(O)C(O)CH,CH< - >COH)C(O)CH,C<  (isomerization)  (15)

The decomposition reactions (10) and (12) are expected to have very similar decomposition
rates, since they involve identical C-C bond scissions, while the isomerization reactions (11) and
(13) differ in that reaction (11) involves H-atom abstraction from a -CH; group and reaction (13)
involves H-atom abstraction from a -CH,- group, both being o to the > C(O) group. Since H-
atom abstraction from a -CH, group has a lower exothermicity than H-atom abstraction from a -
CH,- group (all other things being equal) (4), then the rate of reaction (11) is expected to be
lower than that for reaction (13), consistent with our experimental data which show that (11) is
minor compared to reaction (10) [with no evidence for the occurrence of reaction (11)] but that
reactions (12) and (13) are of comparable importance. However, as shown in Table 7, the
isomerization reactions (11) and (13) are less important than expected based on estimations for
the analogous alkoxy radicals formed from alkanes (4,20,46).

The thermal decomposition reaction (14) is expected to be significantly more rapid than
the decomposition reactions (10) and (12), since reaction (14) involves a > C(O)C(O)-carbon-
carbon bond scission rather than a > C(O)CH,- carbon-carbon bond scission (20,46,48), yet the
isomerization reaction for the (CH3)2CHCH2C(O)CH2(') radical [reaction (15)] still appears to
dominate (Table 7). The alkoxy radical isomerization reaction (15) involves H-atom abstraction
from a >CH- group 8 to the >CO group, and it hence appears that, totally analogous to OH
radical reaction with the ketones (49), H-atom abstraction from C-H bonds 8 to the > CO group
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in the isomerization reaction is significantly faster than H-atom abstraction from C-H bonds o
to the >CO group. In fact, the empirical estimation method of Atkinson (49) for H-atom
abstraction by OH radicals from ketones at 298 K has H-atom abstraction from C-H bonds at
the B carbon being a factor of 5.8 faster than H-atom abstraction from C-H bonds at the o
carbon (49). All of the alkoxy radical isomerization pathways in Reaction Schemes (Ia-1d) and
(I1a-IIc) are consistent with such an 8/« effect of the >CO group.

C. nclusion
The experimental product data obtained in this study provide direct evidence for the

occurrence of isomerization of alkoxy radicals. However, these data also indicate that estimates
of the alkoxy radical isomerization rates derived from alkane reactions need to be refined to be
applicable to alkoxy radicals formed from ketones. Analogous to H-atom abstraction by OH
radicals from ketones (49), the alkoxy radicals formed from the ketones have isomerization rates
which depend on the position of the -CH,, -CH,- and > CH- groups relative to the >CO group;
in particular, whether these groups are « or 8 to the > CO group, with H-atom abstraction from
alkyl groups 3 to the >CO group being significantly more rapid than from alkyl groups a to
the > CO group.
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IV. PRODUCT STUDIES OF THE GAS-PHASE REACTIONS OF
THE OH RADICAL WITH SELECTED ALCOHOLS

In Section III, product studies of the OH radical reactions (in the presence of NO,) with
4-methyl-2-pentanone and 2,6-dimethyl-4-heptanone were described, with the goal being to
obtain unambiguous evidence for the occurrence of the alkoxy radical isomerization reaction
through identification and quantification of products which could only arise from the

isomerization pathway. While evidence for alkoxy radical isomerization was obtained, the
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obtained difficult. Therefore, other reaction systems were sought, and it was expected that the
products of the reactions of the OH radical, in the presence of NO,, with 2,4-dimethyl-2-
pentanol and 3,5-dimethyl-3-hexanol could provide unambiguous evidence for alkoxy radical
isomerization. Taking 3,5-dimethyl-3-hexanol as an example and showing only the alkoxy
radicals involved, the major reactions expected (4) are as shown in Reaction Schemes Illa
through Illc, where organic nitrate formation (4) has been neglected and H-atom abstraction
from the four -CH, groups neglected. The formation of 4-hydroxy-4-methyl-2-pentanone should
therefore be conclusive proof of the occurrence of isomerization of the alkoxy radical formed
after H-atom abstraction from the 5-position > CH- group.

A similar analysis of the expected reactions for 2,4-dimethyl-2-pentanol (4) leads to the
formation of acetone + 2-methylpropanal (via decomposition) after H-atom abstraction from the
3-position -CH,- group; and 4-hydroxy-4-methyl-2-pentanone (via isomerization) or acetone +
HCHO + acetone (via decomposition) after H-atom abstraction from the 4-position > CH-group.
Again, the formation of 4-hydroxy-4-methyl-2-pentanone would be proof of isomerization of the

alkoxy radical formed after H-atom abstraction from the 4-position > CH-group.

A. Experimental
Experiments were carried out at 295 + 2 K and 740 Torr total pressure of purified (3-

5% relative humidity) air in a 7900 liter all-Teflon chamber equipped with two parallel banks
of blacklamps. Hydroxyl radicals were generated by the photolysis of methy! nitrite (CH;ONO)

in air at wavelengths > 300 nm (37), and NO was included in the reactant mixtures to avoid

the formation of O,, and hence of NO, radicals. The initial reactant concentrations (in
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After H-atom abstraction from the 2-position -CH,- group.

. CH, decomposition .
CH,;CH(O)C(OH)CH,CH(CH,), > CH,CHO + CH;C(OH)CH,CH(CH,),
CH,C(O)CH,CH(CH,),

4-methyl-2-pentanone



After H-atom abstraction from the 4-position -CH - group.

CH, . decomposition .
CH_,,CHZd(OH)CH(O)CH(CH3)2 CH,CH,C(OH)CH, + (CH,),CHCHO
2-methylpropanal
CH,CH,C(O)CH, + HO,
2-butanone
Reaction Scheme IIIb
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molecule cm™ units) were: CH,ONO, ~2.4 x 10*; NO, ~2.4 x 10"; 2,4-dimethyl-2-pentanol
or 3,5-dimethyl-3-hexanol, ~2.4 x 10", Irradiations were carried out at 20% the maximum
light intensity for 8-30 mins.

The alcohol reactants and products were analyzed during the experiments by gas
chromatography with flame ionization detection (GC-FID). Gas samples of 100 cmr’ volume
were collected from the chamber onto Tenax-TA solid adsorbent, with subsequent thermal
desorption at 225 °C onto a 30 m DB-5.625 megabore column in a HP 5710 GC, initially held
at 0 °C and then temperature programmed to 200 °C at 8 °C min". GC-FID calibrations were
carried out by measuring known pressures of the compound, using an MKS Baratron 0-100 Torr
sensor head, into a 2.03 liter Pyrex bulb (acetone, 2-methylpropanal, 2,4-dimethyl-2-pentanol,
3,5-dimethyl-3-hexanol and 4-hydroxy-4-methyl-2-pentanone) or by introducing measured
volumes of the liquids (2-butanone and 4-methyl-2-pentanone) into a 1 liter Pyrex bulb, and
flushing the contents of these bulbs into the 7900 liter chamber by a stream of N, gas. On a
relative basis, the GC-FID response factors agreed with the Equivalent Carbon Numbers, as
calculated by Scanlon and Willis (55), to within £9%, giving confidence that the calibration
factors were accurate and that the sample collection and thermal desorptio
quantitative.

Gas samples were also collected onto Tenax-TA solid adsorbent for subsequent thermal
desorption and analysis by combined gas chromatography-mass spectrometry (GC-MS), using
a 60 m DB-5MS fused silica capillary column, temperature programmed from -80 °C at 10 °C
min™ to 250 °C, in a HP 5890 GC interfaced to a HP 5970 mass selective detector operated in
the scanning mode. The NO concentrations and initial NO, concentrations were monitored
during these experiments using a chemiluminescence NO-NO, analyzer. All instruments were
maintained as recommended and their performance checked on a daily basis.

The chemicals used, and their stated purities, were: acetone (>99.6%), Fisher
Scientific; 4-hydroxy-4-methyl-2-pentanone (99%); 4-methyl-2-pentanone (99+ %) and 2-
methylpropanal {isobutyraldehyde] (99+ %), Aldrich Chemical Company; 2,4-dimethyl-2-
pentanol, ICN; 3,5-dimethyl-3-hexanol, Pfaltz and Bauer; and NO (=299.0%), Matheson Gas

Products. Methyl nitrite was prepared and stored as described previously (37).

63



B. Results and_Discussion

An initial set of experiments were carried out prior to the end of this Contract. Three
irradiations of CH,ONO-NO-2,4-dimethyl-2-pentanol-air mixtures and one irradiation of a
CH,0NO-NO-3,5-dimethyl-3-hexanol-air mixture were carried out, and GC/MS and GC-FID
analyses showed the formation of the following products: from 2,4-dimethyl-2-pentanol,
acetone, 2-methylpropanal and 4-hydroxy-4-methyl-2-pentanone; and from 3,5-dimethyl-3-
hexanol, acetone, 2-butanone, 2-methylpropanal, 4-methyl-2-pentanone and 4-hydroxy-4-methyl-
2-pentanone. An additional product was observed from each reaction system which was not

b | P . N d ot et ~ P -~ lisvrr srabeeeadtn ww) 1.1-\ y-Val 3
identified but is ascribed to a tertiary nitrate which decomposes during

o

the thermal rption
procedure to yield an unsaturated alcohol (for example, 3,5-dimethylhex-4-en-3-ol from the 3,3-
dimethyl-3-hexanol reaction).

Since the products observed also react with the OH radical, their secondary reactions
must be taken into account in determining their formation yields, and hence the rate constants
for the gas-phase reactions of the OH radical with 2,4-dimethyl-2-pentanol, 3,5-dimethyl-3-
hexanol and 4-hydroxy-4-methyl-2-pentanone need to be determined (rate constants are available
for the other products for which authentic standards are available). Due to time constraints,
these kinetic experiments have not been carried out during this Contract, and hence only
approximate product formation yields can be derived, especially for the more reactive products
such as 4-methyl-2-pentanone from 3,5-dimethyl-3-hexanol and, especially, for 2-methylpropanal
from both alcohols. The necessary kinetic experiments, the remainder of the product
experiments and the final data analysis will be completed under a Cooperative Agreement with
the U.S. Environmental Protection Agency (Cooperative Agreement CR 821787-01-0).

Based on the estimation method of Atkinson (49), as updated by Kwok and Atkinson
(56), 4-hydroxy-4-methyl-2-pentanone should be less reactive towards OH radicals than either
of the precursor alcohols, and hence corrections to take into account secondary reactions of 4-
hydroxy-4-methyl-2-pentanone should be minor. Similarly with acetone, although the usefulness
of acetone as a product to define the reaction channels is negated by the fact that acetone is
formed from the secondary reactions of 2-methylpropanal (formed from the reactions of both
alcohols) and from 4-methyl-2-pentanone [Section IIT] (formed from the 3,5-dimethyl-3-hexanol

reaction). Based on the measured concentrations of 4—hydroxy—4—methyl-2-pentanone and the
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alcohols during these reactions, the approximate 4-hydroxy-4-methyl-2-pentanone formation
yields from 2,4-dimethyl-2-pentanol and 3,5-dimethyi-3-hexanol are ~0.11 and ~0.23,
respectively. The estimated rate constants for reactions of the OH radical with the various -OH,
-CH,, -CH,- and > CH- groups in 2,4-dimethy!-2-pentanol and 3,5-dimethyl-3-hexanol (49,56)
imply that the fractions of the overall OH radical reactions with 2,4-dimethyl-2-pentanol and 3,5-
dimethyl-3-hexanol proceeding via H-atom abstraction from the >CH- group are 0.52 and
0.41, respectively [note that the accurate determination of the 2-methylpropanal, 2-butanone, 4-

methyl-2-pentanone and 4-hydroxy-4-methyl-2-pentanone formation yields from the OH radical
reaction with 3,5-dimethyl-3-hexanol should allow all of the major alkoxy radical reaction
pathways to be quantitatively defined]. The preliminary data obtained in this program show
unambiguously that alkoxy radical isomerization does occur at room temperature, and further
shows, as expected, that isomerization of the CH3CH2C(CH3)(OH)CH2C(O)(CH3)2 radical,
proceeding via H-atom abstraction from the weaker C-H bonds of a -CH,- group, is more rapid
than isomerization of the (CH3)2C(OH)CH2C(O)(CH3)2 radical, proceeding via H-atom
abstraction from the C-H bonds of a -CH; group (assuming that decomposition of the
RC(CH,)(OH)CH,C(0)(CH,), radical to acetone plus the RC(CH;)(OH)CH, radical has the same

rate for R = CH; or C,Hy).
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V. PRODUCTS OF THE GAS-PHASE REACTIONS OF OH RADICALS
WITH A SERIES OF n-ALKANES

In an attempt to observe the products of the alkoxy radical isomerization in the alkanes,
a product study of the gas-phase OH radical reactions, in the presence of NO,, with the n-
alkanes, n-butane through n-octane was carried out. The products of the gas-phase OH radical-
initiated reactions of n-pentane through n-octane were studied using gas chromatographic
analyses, while the reactions of OH radicals with n-butane through n-octane and selected of their
perdeuterated analogs were studied using a SCIEX API III MS/MS direct air sampling,
atmospheric pressure ionization tandem mass spectrometer. Because of other commitments and
needed maintenance on the SCIEX API MS/MS, only preliminary data using this in situ analysis
method were obtained during this Contract. The experiments carried out during this ARB-
funded Contract are described below and a very preliminary analysis of the data obtained is
made. As for the experiments described in Section IV, the study described here will be
completed under funding from the U.S. Environmental Protection Agency Cooperative

Agreement CR 821787-01-0.

A Experimental

Experiments were carried out in a ~7900 liter all-Teflon chamber (Figure 1) and a
~ 6500 liter all-Teflon chamber interfaced to a SCIEX API III MS/MS system (Figure 14). In
both chambers, hydroxyl radicals were generated by the photolysis of methy] nitrite (CH;ONO)
in air at wavelengths >300 nm (37).

Analyses by API MS/MS. As noted above, the ~6500 liter all-Teflon chambers was
interfaced directly to a SCIEX API III MS/MS (Figure 14). In these experiments, the chemica
jonization reagents were mainly protonated hydrates (H,O*[H,O],) or anionic oxygen species
such as superoxide anions (O,) in the atmospheric pressure chemical ionization (APCI) source
which directly sampled the chamber diluent gas (which was purified air at ~5% relative
humidity). These ions were generated by electrons created in a corona discharge operated at a

constant discharge current. Chemical jonization may occur as a charge transfer (positive or

negative ion mode), or as protonation (positive ion mode) or deprotonation (negative ion mode).
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Some compounds are more sensitive in positive ion mode than in the negative ion mode, and
vice versa. For the alkanes studied here and their reaction products, positive ion mode was the
most useful, although spectra were routinely obtained in the negative ion mode.

In the MS mode, mass spectra (each being the sum of 10 scans) of the reactants and the
reacted mixtures were obtained by the first quadrupole (Ql), with the second and third
quadrupoles (Q2 and Q3) being operated in the "total-ion” mode (RF-only mode). Each scan
was acquired over the range 60-300 amu using a step of 0.2 amu and a dwell time of 30 ms.
In the MS/MS mode, the precursor ion was selected by Q1 and was scanned by Q3. Argon was
used as the collision gas in an open Q2 collision cell, with the collision gas thickness being equal
to ~3 x 10" molecule cm2. The collision-activated dissociation (CAD) spectrum of an analyte
(sum of 20 scans) was acquired using a step of 0.2 amu and a dwell time of 20 ms. The lower
and upper limits of the mass range used for acquiring parent and daughter ion spectra,
respectively, was determined by the molecular weight of the ion of interest.

The initial reactant concentrations were (in molecule cm™ units): CH,ONO, ~1.2x 107,
NO, ~1.2 x 10'%; alkane, ~1.2 x 10", Irradiations were carried out at 20% of the maximum
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the alkanes, in these preliminary experiments no GC-FID analyses were carried out and hence
no quantitative alkane concentration data are available.

Analyses by GC-FID. These experiments were carried out in the 7900 liter all-Teflon
chamber. The initial reactant concentrations (in molecule cm™ units) were: CH,ONO, 2.4 x
10", NO, 2.4 x 10*; and alkane, (4.2-4.5) x 10°. [Irradiations were carried out at the
maximum light intensity for 3-15 mins. For all four n-alkanes, experiments were carried out
in air [740 Torr total pressure, 21% (155 Torr) of O;] and in "high-O," diluent gas, obtained
by filling the majority of the (almost empty) chamber with O,. Based on the amounts of O,
introduced into the chamber from cylinders, the percentages of O, were in the range 75-85%
(550-630 Torr O,).

The alkane reactants and selected products were analyzed during the experiments by gas

chromatography with flame ionization detection (GC-FID). For the analyses of the alkanes, gas

samples were collected from the chamber in 100 cm’ all-glass, gas-tight syringes and introduced
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via a 1 cm® gas sampling loop onto a 30 m DB-5 megabore column in a Hewlett Packard (HP)
5890 GC, initially held at -25 °C and then temperature programmed to 200 °C at 8 °C min’.
For the analyses of the carbonyl and alkyl nitrate products, 100 cm’ volume samples were
collected from the chamber onto Tenax-TA solid adsorbent, with subsequent thermal desorption
at 225 °C onto a 30 m DB-5.625 megabore column in a HP 5710 GC, initially held at 0 °C and
then temperature programmed to 200 °C at 8 °C min®. Gas samples were also collected onto
Tenax-TA solid adsorbent for subsequent thermal desorption and analysis by combined gas
chromatography-mass spectrometry (GC-MS), using a 60 m DB-5MS fused silica capillary
column, temperature programmed from -80 °C at 10 °C mint to 250 °C, in a HP 5890 GC
interfaced to a HP 5970 mass selective detector operated in the scanning mode. The NO
concentrations and initial NO, concentrations were monitored during these experiments using a
chemiluminescence NO-NO, analyzer.

Calibrations of the CG-FID instruments and the NO-NO, analyzer were carried out as
described in Sections III and IV above. All instruments, including the direct air sampling

atmospheric pressure ionization MS/MS, were maintained as recommended and their

The chemicals used, and their stated purities, were: n-heptane-d, (99+ %), 2-heptanone
(98%), 3-heptancne (98 %), 4-heptanone (98 %), n-hexane, (99+ %), n-hexane-d,, (99% D), 2-
hexanone (99+ %), 3-hexanone (98%), n-octane (99+ %), n-octane-d;g (98+ % D), 2-octanone
(98%), 3-octanone (98+ %), n-pentane (99+ %), Aldrich Chemical Company; n-pentane-d,;
(98% D), Cambridge Isotope Laboratories; 4-octanone (98%), Pfaltz and Bauer; 2-pentanone
and 3-pentanone, MCB; n-heptane (Reagent Grade), Mallinckrodt; n-butane (=99.0%) and NO
(299.0%), Matheson Gas Products.

B. Results and Discussion

GC-FID Analyses
n-Pentane. The majority of the experiments dealt with the products formed from n-

pentane. GC/MS and GC-FID analyses of irradiated CH;ONO-NO-n-pentane-air mixtures
showed the formation of 2-pentanone, 3-pentanone and 2- and 3-pentyl nitrate. While the pentyl

nitrates were not baseline resolved with the DB-5.625 megabore column used, their
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concentrations were integrated individually. Since these observed products also react with the

OH radical, their secondary reactions must be taken into account in determining the product
formation yields. Secondary reaction were taken into account as described by Atkinson et al.
(40), using rate constants for the OH radical reactions of (in units of 102 ¢cm® molecule” s7'):
n-pentane, 3.91; 2-pentanone, 5.07; 3-pentanone, 2.09; 2-pentyl nitrate, 1.85; and 3-pentyl
nitrate, 1.12 (4,26). The multiplicative correction factors to take into account secondary
reactions were < 1.30 for 2-pentanone, < 1.12 for 3-pentanone, <1.12 for 2-pentyl nitrate, and
<1.06 for 3-pentyl nitrate.

Plots of the 2-pentanone and 3-pentanone data, corrected to take into account secondary
reactions with the OH radical, are shown in Figure 15. Least squares analysis of the data leads
to the formation yields given in Table 8. The relative yields of the 2- and 3-pentanones
determined here at room temperature and one atmosphere of air, of (2-pentanone)/(2- + 3-
pentanone) = 0.18, are in agreement with the values for this ratio of 0.16-0.21 reported by
Carter et al. (47). Figure 15 and Table 8 shows that the 2-pentanone and 3-pentanone formation
yields increase with increasing O, concentration, with the effect being most marked for 2-
pentanone. In contrast, the 2- and 3-pentyl nitrate yields were independent of the O,

concentrations, as expected (4) since these nitrates are formed from the reactions of the 2- and

3-pentyl peroxy radicals with NO

M
RO, + NO -» RONO,

in competition with the pathway forming the alkoxy radical plus NG,

RO, + NO - RO + NO,
The nitrate yields are dependent on the temperature (increasing with decreasing temperature) and
total pressure (increasing with increasing total pressure) (4), but should be independent of the

0, concentration providing that O, and N, have similar third-body efficiencies for the RO, +

NO — RONO, reactions.
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Table 8. Measured Formation Yields of 2-Pentanone, 3-Pentanone, 2-Pentyl Nitrate and
3-Pentyl Nitrate at 296 + 2 K and 760 Torr Total Pressure.

: Pre?szufe- | Formation Yields
(Torr) 2-Pentanone | 3-Pentanome 2-Pentyl nitrate’ | 3-Pentyl nitrate
155 0.054 + 0.008 | 0.250 + 0.030 | 0.062 £+ 0.012 | 0.047 + 0.006
590 0.149 + 0.017 | 0.353 £+ 0.032 | 0.064 + 0.009 | 0.043 + 0.004
0.060 + 0.010° | 0.044 + 0.006"

* Indicated errors are the two least-squares standard deviations combined with the estimated
overall uncertainties in the GC-FID response factors of +5% for n-pentane and the products.
* Combined data.
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The formation yields of the 2- and 3-pentyl nitrates obtained from a least-squares analysis
of the entire data set (Table 8) are 0.060 + 0.010 for 2-pentyl nitrate and 0.044 + 0.006 for
3-pentyl nitrate. These formation yields can be compared to our previous yields at room
temperature (299-300 K) and atmospheric pressure (735-740 Torr) of 0.071 £ 0.009 and 0.046
+ 0.006, respectively, (40) and 0.074 £+ 0.002 and 0.052 + 0.004, respectively (57), where
the indicated errors in the Atkinson et al. (40,57) data are two least-squares standard deviations.
The agreement is reasonably good.

The expected reactions of the 2- and 3-pentoxy radicals formed after H-atom abstraction
from the 2- and 3-positions in n-pentane are reaction with O,, decomposition and isomerization
for the 2-pentoxy radical, and O, reaction and decomposition for the 3-pentoxy radical
(isomerization via a 6-member transition state cannot occur). The 2-pentanone and 3-pentanone
formation yields should therefore exhibit a dependence on the O, concentration, and a plot of
(vield)" against [O,]" should be a straight line, with an intercept of (yield of pentoxy radical
from n-pentane)” and a slope/intercept Of [(Kyecomp + Kisomer)/Koz]. Such plots are shown in Figure
16, and the intercepts lead to fraction yields of pentoxy radicals from r-pentane of 0.403 for the
2-pentoxy radical and 0.415 for the 3-pentoxy radical.

Combining the 2- and 3-pentanone yields extrapolated to [0,]" = 0 with the measured
2- and 3-pentyl nitrate yields implies a yield of 2-pentyl radicals from n-pentane of 0.46, and
of the 3-pentyl radical from n-pentane of 0.46. Since the calculated formation yield of 1-pentyl
radicals from n-pentane is 0.009 + 0.001, then a complete accounting of the pentyl radicals has
been obtained. However, the formation yields of 2- and 3-pentyl radicals derived from this
product study of 0.46 each are in significant disagreement with expectations based on the
Atkinson (49) estimation technique of formation yields of 0.56 and 0.35, respectively (though
the combined yield is identical). This observation implies that the empirical Atkinson (49)
estimation method for OH radical reaction rate constants and group rate constants may be
incorrect at this level of detail.

The values of [(Kgecomp T+ Kisomer)'Koz] Obtained from the slopes of the lines in Figure 16
are 3.3 x 10'° molecule cm? (+ 15-20%) for the 2-pentoxy radical and 3.3 x 10'® molecule cm™
(+50%) for the 3-pentoxy radical, both at 296 + 2 K and 740 Torr total pressure. Literature

data are available for the corresponding ratios for the 1-butoxy radical (corresponding to the
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2-pentoxy radical) and the 2-butoxy radical (corresponding to the 3-pentoxy radical). For the
1-butoxy radical (decomposition being expected to be less important for the 1-butoxy radical than
for the 2-pentoxy radical), Carter et al. (23), Cox et al. (24) and Niki et al. (25) derived a ratio
of [(Kgecomp + Kisomer'Ko2] = 1.7 X 10" molecule cm™ at ~299 K (4), while for the 2-butoxy
radical, Carter et al. (23) and Cox et al. (24) obtained values of [(Kgcomp + Kisomer?/Koz] = 3.1
x 10'® molecule cm at 303 K and 2.6 x 10'® molecule cm™ at 296 K, respectively. These ratios
Of [(Kgecomp + Kisomer)'Ko2] for the 1- and 2-butoxy radicals are similar to the ratios obtained here
for the 2- and 3-pentoxy radicals, respectively, which is gratifying since it is expected that to
a reasonable approximation the 2-pentoxy radical should correspond to the 1-butoxy radical (but
with decomposition of the 1-butoxy being of minor importance) and that the 3-pentoxy radical
should correspond to the 2-butoxy radical.

Assuming that the rate constants Ky, for the O, reactions with the 2- and 3-pentoxy
radicals are both 9 x 10 ¢m® molecule s7 at 298 K (4), then the values of (Kyecomp + Kisome:)
are 3.0 x 10* s (+50%) for the 3-pentoxy radical and 3.0 x 10° 5! for the 2-pentoxy radical,
both at 296 + 2 K. The decomposition rate for the 2-pentoxy radical is expected to be a factor
of 2 less than that for the 3-pentoxy radical (due to the degeneracy factor of 2 for the 3-pentoxy
radical), and hence the value of (Kyomy + Kicomer) fOr the 2-pentoxy radical is expected to be close
to that for k.. The resulting value of Xon, = 2.85 x 10° s at 296 K is a factor of 4 higher
than the isomerization rate for the 1-butoxy radical (4, 23-25), but a factor of 2 lower than the
value predicted by Baldwin et al. (48). Hence our data for the ketone and alkyl nitrate products
from the OH radical-initiated reaction of n-pentane are in agreement with previous literature data

for n-pentane and consistent with our present knowledge of alkoxy radical reactions, and provide

n-Hexane, n-heptane and n-octane. The products of the OH radical reactions with -
hexane, n-heptane and n-octane, in the presence of NO,, were carried out in air Q1% 0O,) and
in elevated O, mixtures. For n-hexane, the 2- and 3-hexyl nitrates were observed in ~12-13%
yield (combined), consistent with previous data (40}. In air, only 3-hexanone was identified and
quantified, with a formation yield of ~6%. Under elevated O, conditions, 2-hexanone was also
observed in low (~1%) yield together with 3-hexanone in ~12% yield. No useful data were

obtained from the n-heptane or n-octane experiments.
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Analyses by API MS/MS. Reactions of the OH radical with a series of n-alkanes and
chamber interfaced to a SCIEX API III MS/MS system. The data obtained are preliminary and
will be repeated with concurrent GC-FID analyses during the next several months under funding
from the U.S. Environmental Protection Agency. In positive ion mode carbonyl compounds
exhibit a peak at [MH]*, while alcohols show small peaks at [MH]" and [M-H]", together with
a more abundant peak at ((MH-H,O]* (see, for example, Figure 17 for 4-octanol). Therefore,

for the non-deuterated alkanes, the carbonyls would be observed by ion peaks at 73, 87, 101,

5 and 129 amu for »n-butane through n-octane, while the three peaks mentioned above for the

[ae—y
[y

hydroxycarbonyls expected from alkoxy radical isomerization would be expected at 89, 87 and
71 for n-butane, 103, 101 and 85 for n-pentane, 117, 115 and 99 for n-hexane, 131, 129 and
113 for n-heptane and 145, 143 and 127 for n-octane.

The major product ion observed from the OH radical reaction with n-butane (molecular
weight 58) was a peak at 73 amu, corresponding to the expected carbonyls (butanal + 2-
butanone). For n-pentane, product ion peaks were observed at 101 amu (possibly with a very
weak 103 amu peak), 87 amu and 85 amu (Figure 18). Based on the above discussion, the 87
amu peak would correspond to the pentanones (the authentic standards had 87 amu [MH]*
peaks) and the 85/101 amu peaks may belong to the expected §-hydroxycarbonyls. In a similar
manner, n-hexane showed product ion peaks at 97, 99, 101, and 115 amu, with the weak 101
peak corresponding to hexanones and the 99/115 peaks possibly belonging to the &-
hydroxycarbonyls. The daughter ion spectrum of the 99 amu peak showed ions at 29, 43 and
57 amu, corresponding to HCO*/C,H;*, CH,CO*/C;H," and CH,CH,CO*/CH,".

n-Heptane showed major product ions at 113 and 129 amu (Figure 19), which could
correspond to the hydroxycarbonyls expected after heptoxy radical isomerization. The expected
heptanone product ion peak at 115 amu was minor, at best (Figure 19). Use of different API
operating parameters, while markedly changing the appearance of the product ion spectrum, also
showed the formation of ion peaks at 129 (very weak) and 113 amu, as well as a peak at 131
amu, the position of the [MH]* ion. Similarly, reaction of n-octane gave product peaks at 127,
143 and 145 amu, with the intensities of the individual peaks of these depending on the API

conditions. Again, no evidence for the octanone 129 amu peak was observed.
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The API MS data for the OH radical-initiated reactions of the C, - Cg n-alkanes are
consistent with, but do not prove, the formation of carbonyls and hydroxycarbonyls of the same
carbon number as the n-alkane, with the importance of the carbonyl decreasing with increasing
carbon number and with the importance of the hydroxycarbonyl increasing with carbon number.
Reactions of the perdeuterated rn-alkanes were therefore carried out to attempt to verify this
"postulate.” To date, preliminary experiments have been carried out with n-hexane-d,,,n-
heptane-d,¢ and n-octane-dy;. The obvious product peaks for the n-hexane-d,, reaction were at
110, 113, and 125 amu. The 113 amu peak is at the mass expected for the hexanones/hexanal
product [MH]*. Since D atoms on alcohol -OD groups are expected to rapidly H/D exchange
to -OH, then the hydroxycarbonyls would be C¢D,,0,H, and the [MH]" ion would be at 128
amu and the [MH-H,0]" ion at 110 amu (for example, [CD,C(0)CD,CD,CDCD;}”). The ion
corresponding to the [M-H]" ion could be at 126 amu (for example,
CD,C(0)CD,CD,CDO*CD;) or, if ([M-D}", at 125 amu (for example,
CD,C(0)CD,CD,COH*CD;). The observed 110 and 125 amu peaks are consistent with
hydroxycarbony! formation and, although the expected -hydroxycarbonyls are not commercially
available, we will use our authentic standard o record the
API MS spectrum. The spectra obtained from the n-heptane-d,, and n-octane-d,; reactions were

analogous to these from n-hexane-d,,, with the mass numbers 16 and 32 amu higher,

respectively.
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VI. SUMMARY AND CONCLUSIONS

The experimental product studies of the atmospherically-important reactions of selected
aromatic hydrocarbons and alkanes, and of ketones and alcohols designed to provide

unambiguous evidence for alkoxy radical isomerization, have led to important new findings:

® Our product study of the OH radical-initiated reactions of toluene, 1,2,3-trimethylbenzene
and, especially, o-xylene, has shown that in the troposphere the OH-o-xylene adduct will
react with O, and not with NO,. The O, and NO, reactions will be équally important at
an NO, mixing ratio of 1.6 ppm, a concentration often encountered in laboratory product
studies but not in ambient air. Our data for o-xylene are in agreement with the kinetic
data of Zetzsch and coworkers (27) for benzene and toluene; further research is needed
to elucidate the products and reaction mechanisms of the O, and NO, reactions with the
OH-aromatic adducts. Since laboratory studies have often been carried out at NO,

concentrations such that the OH-aromatic adducts react at least partially with NO,, care

must be taken in using these laboratory product data for ambient atmospheric purposes
. We have unambiguously observed the products arising after alkoxy radical isomerization

in the OH radical-initiated reactions of the two alcohols 2.,4-dimethyl-4-pentanol and 3,5-
dimethyl-3-hexanol and, less unambiguously, from the OH radical-initiated reactions of
the two ketones 4-methyl-2-pentanone and 2,6-dimethyl-4-heptanone. Preliminary in situ
atmospheric pressure ionization mass spectrometric data for the reactions of the OH
radical with a series of n-alkanes provides evidence for the formation of the expected é-
hydroxycarbonyls after alkoxy radical isomerization, and gas chromatographic analysis
of the products formed from the OH radical reaction with n-pentane yields rate constant
ratios for the decomposition, isomerization and O, reaction rate constants which are
consistent with the literature data for the 1- and 2-butoxy radicals (the only other data

available).
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The experimental data described above in this report answer the two questions which

were the basis for this program: "Do the OH-aromatic adducts react with O, or with NG, in the

~

atmosphere?" and "Do alkoxy radicals undergo isomerization?" While a vast amount of research
remains to be done to elucidate the details of the aromatic and alkanes degradation reaction
sequences in the atmosphere, progress is being made which enables the chemical mechanisms
formulated and tested for use in urban and regional airshed computer models to be placed on an

increasingly firm scientific basis.
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