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Kinetics and products of the gas-phase reactions of OH radicals with gtadk@nesn-decane, 3,4-diethylhexane

and n-butylcyclohexane have been investigated at 2962 K and atmospheric pressure of air. Gas
chromatography with flame ionization detection (6EID) and combined gas chromatographmass
spectrometry (GC-MS) were used to identify and quantify alkyl nitrate and carbony! products, and in situ
atmospheric pressure ionization tandem mass spectrometry was employed to identify and quantify, relative
to internal standards, hydroxycarbonyl and hydroxynitrate products. Using a relative rate method, rate constants

for reactions of the OH radical with-decane, 3,4-diethylhexane andbutylcyclohexane were measured and

(in units of 10*?2 cm® molecule! s™1) were 12.5+ 0.4, 7.43+ 0.48 and 15.8+ 0.6, respectively, where the
errors do not include uncertainties in the rate constant fomtbetane reference compound. The products
identified and quantified were: 2-, 3-, 4-, and 5-decyl nitrate, hydroxycarbonyls and hydroxynitrates from
the n-decane reaction; acetaldehyde, propanal, 3-pentanone, 3-pentyl nitiddkyCnitrates, hydroxycar-
bonyls, and hydroxynitrates from the 3,4-diethylhexane reaction; and butanal, cyclohexan@tieylQitrates,
hydroxycarbonyls and hydroxynitrates from tidutylcyclohexane reaction. The observed gas-phase products
are generally in accord with expectations, and account for a significant fraction of the total products.

Introduction

Alkanes are released into the atmosphere from gasoline- an
diesel-fueled vehicles and from volatilization of alkane solvents.

In the troposphere, alkanes present in the gas phase react mainl

with the OH radicdl to form alkyl radic;als, which then react
rapidly with O, to form alkyl peroxy (RQ) radicald

OH+RH—H,0+R (1)

@
In the presence of NO (for example, in polluted urban areas),

RQZ radicals react with NO to form an alky! nitrate or an alkoxy
(RO) radical plus NG*

R+ 0,— RO,

RO, + NO— RONQ, (3a)

RO, + NO— RO+ NO, (3b)
In the atmosphere, alkoxy radicals formed in reaction 3b can
react with Q, decompose by €C bond scission, or isomerize
through a six-membered ring transition st&té.The isomer-
ization reaction becomes important faiC, alkanes and may
lead to formation of 1,4-hydroxycarbonyis?

Formation of alkyl nitrates from the OH radical-initiated
reactions of G—Cg n-alkanes and from a number of branched
and cyclic alkanes has been studied previotsiy.For the

increase with increasing pressure and with decreasing temper-

Oature?'gxlovlﬁThe formation of hydroxyalkyl nitrates from the

OH radical-initiated reactions of alkanes, arising after alkoxy
dical isomerization, has been reported from rtHeexané’
ndn-pentane through-octané® reactions.

In this work, we have investigated the atmospheric chemistry
of three Gp alkanes,n-decane, 3,4-diethylhexane and
butylcyclohexane, chosen as representative linear, branched and
cyclic alkanes present in solvents. Rate constants for the OH
radical reactions were measured using a relative rate method,
and products of the OH radical-initiated reactions were inves-
tigated using gas chromatography with flame ionization detec-
tion (GC—-FID), combined gas chromatographgmass spec-
trometry (GC-MS), and in situ atmospheric pressure ionization
tandem mass spectrometry (ARMIS/MS).

Experimental Methods

Experiments were carried out at 2962 K and 740 Torr
total pressure of air in 8000 L Teflon chamber with analysis
by GC-FID and GC-MS, with irradiation provided by two
parallel banks of blacklamps; and in a 7300 L Teflon chamber
interfaced to a PE SCIEX API Il MS/MS direct air sampling,
atmospheric pressure ionization tandem mass spectrometer (API-
MS), again with irradiation provided by two parallel banks of
blacklamps. Both chambers are fitted with Teflon-coated fans
to ensure rapid mixing of reactants during their introduction

n-alkanes, the alkyl nitrate yields increase with increasing carbon into the chamber. Hydroxyl (OH) radicals were generated by

number in then-alkane®!® with molar yields ranging from
<0.014 for ethane to 0.23 far-octane at room temperature
and atmospheric pressure of &iThe alkyl nitrate yields also

*To whom correspondence should be addressed.

T Interdepartmental Graduate Program in Environmental Toxicology and
Department of Environmental Sciences, University of California, Riverside.

* Department of Chemistry, University of California, Riverside.

the photolysis of methyl nitrite in air at wavelength800 nm?18
and NO was added to the reactant mixtures to suppress the
formation of Q and hence of N@radicals'®

Measurement of OH Radical Reaction Rate Constants.
Rate constants for the OH radical reactions were determined
using a relative rate method in which the relative disappearance
rates of the alkanes and a reference compoosat{ane in this
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study), whose OH radical reaction rate constant is reliably In addition, gas samples were collected onto Tenax-TA solid
known? were measured in the presence of OH raditals. adsorbent for GC-MS analyses, with thermal desorption onto a
Providing that the alkanes and thectane reference compound 60 m HP-5 fused silica capillary column in an HP 5890 GC

reacted only with OH radicals, th&n interfaced to a HP 5970 mass selective detector operating in
the scanning mode. NO and initial N@oncentrations were
[alkane],\ k;, ([n-octane] measured using a Thermo Environmental Instruments, Inc.,
[alk—ane] = k_lb n [n-Ttane,] 0) model 42 NG-NO,—NOy chemiluminescence analyzer.

Analyses by API-MS. In the experiments with API-MS
where [alkane} and j-octane}, are the concentrations of the —analyses, the chamber contents were sampled through a 25 mm

alkane andn-octane, respectively, at timg, [alkane] and diameterx75 cm length Pyrex tube at20 L min~* directly
[n-octane] are the corresponding concentrations at timend into the API mass spectrometer source. The operation of the
kia and ki, are the rate constants for reactions la and 1b, API-MS in the MS (scanning) and MS/MS [with collision
respectively activated dissociation (CAD)] modes has been described
elsewheréd?1521Use of the MS/MS mode with CAD allows
OH + alkane— products (1a)  the “product ion” or “precursor ion” spectrum of a given ion
peak observed in the MS scanning mode to be obtdifiBdth
OH + n-octane— products (1b)  positive and negative ion modes were used in these experiments.

In the positive ion mode, protonated water hydratesQH
(H20)n, generated by the corona discharge in the chamber
diluent gas were responsible for the protonation of analytes.
lons are drawn by an electric potential from the ion source
through the sampling orifice into the mass-analyzing first
quadrupole or third quadrupole. For these experiments, the API-
MS instrument was operated under conditions that favored the
formation of dimer ions in the ion source regi&®! Neutral
molecules and particles are prevented from entering the orifice
by a flow of high-purity nitrogen (“curtain” gas), and as a result
of the declustering action of the curtain gas on the hydrated
ions, the ions that are mass-analyzed are mainly protonated
molecules ([MrH]™) and their protonated homo- and het-

Hence, plots of In([alkang][alkane]) against In(p-octane}/
[n-octane)) should be straight lines with sloge/ki, and zero
intercept.

The initial reactant concentrations (in molecules émnits)
were CHONO, 2.2x 10 NO, (2.2-2.3) x 10 and alkane
andn-octane,~2.4 x 103 each. Irradiations were carried out
at 20% of the maximum light intensity for #50 min, resulting
in up to 40%, 37%, 52%, and 61% consumption ofrtkextane,
3,4-diethylhexanen-decane, ana-butylcyclohexane, respec-
tively. The concentrations of the alkanes were measured during
the experiments by GEFID. Gas samples of 100 éwolume
were collected from the chamber onto Tenax-TA solid adsor-
bent, with subsequent thermal desorption-260°C onto a 30

i 12,21
m DB-1701 megabore column held at 20 and then temper- erodimers: . L
ature-programmed to 20 at 8°C min~2. NO and initial NOQ In the negative ion mode, negative ions were generated by

concentrations were measured using a Thermo Environmental_the negatiye corona around the discharge needle. The superoxide

Instruments, Inc., model 42 chemiluminescent-N@D, ana- ion (©,7), its hydrates [@ (H20)q], and G clusters [Q™(Og)n]

lyzer. are the major reagent negative ions formed in the pure air. Other
Products of the OH Radical-Initiated Reactions Two sets ~ 'eagentions, for example, NOand NQ, are formed through

of experiments were carried out, one set using-&M and reactions between the primary reagent ions and neutral mol-

GC-MS for analysis, and the second set using in situ API-MS ecules such as N(dnote that the N@concentration increases

and API-MS/MS. during the course of the chamber reactions). Under the
Analyses by GG-FID and GC-MS. For the OH radical ~ €xPerimental conditions used, analytes were detected as adduct
reactions carried out in the8000 L Teflon chamber (at5% ions formed from reaction of the neutral analyte (M) and the

relative humidity), the initial reactant concentrations (in mol- f€agent ions, mainly © and/or NQ™.*> API-MS spectra and
ecules cm?3 units) were: CHONO, (2.2-2.3) x 10 NO, API-MS/MS “precursor ion” spectra of the 32 l_JgOlon and
(2.0-2.3) x 10 and alkane, (2.252.51) x 103, Irradiations ~ the 46 uNQ™ ion showed that at Nconcentrations: (2—-3)
were carried out at 20% of the maximum light intensity for > 10'® molecules cm?®, [NOz#M]~ adducts dominated over
5—50 min, resulting in up to 59%, 44%, and 65% reaction of [Oz2M]~ adductsl.5Therefore, addition of N@after the reaction
the initially presentn-decane, 3,4-diethylhexane anebutyl- was employed to quantify the hydroxycarbonyls and hydroxy-
cyclohexane, respectively. The concentrations of the alkanesalkY| nitrates formed in thege OH rad.lcal-|n|t|ated reactions, Wlt.h
and products were measured during the experiments by GC an internal stlandard of 5|mllgr chgmlcal structure as the reaction
FID as described above for the rate constant measurements, wittProducts of interest also being introduced into, or formed in,
an initial GC column temperature of 4C for the measurement ~ the chambet> We used 5-hydroxy-2-pentanone (the dominant
of alkyl nitrates and of-40 °C for the measurement of more  1,4-hydroxycarbonyl formed from threpentane reactidh®!and
volatile carbonyl products. GEFID response factors for the ~ the only commercially available 1,4-hydroxycarbonyl) as the
alkanes and carbony! products were determined by introducing internal standard for quantification of the 1,4-hydroxycarbonyl-
measured amounts of the chemicals into the 8000 L chamber(s) formed from the & alkanes. The hydroxyalkyl nitrate GH
and conducting several replicate GEID analyses® A number CH(OH)CH(ONQ)CHjz was formed in situ in the chamber from
of Cyo alkyl nitrates are expected to be formed from the OH the reaction of the OH radical wittis-2-butene to serve as an
radical-initiated reactions af-decane, 3,4-diethylhexane and internal standard for quantification of the 1,4-hydroxyalkyl
n-butyk‘;ydohexane' and thesq@|ky| nitrates are expected nitrates formed. An average of the literature formation y|e|dS
to have molar GEFID responses very similar to one anotAer.  measured by Muthuramu et #I(0.037+ 0.009) and O’Brien
Because of a lack of commercially available standards, these€t al?®(0.034+ 0.005) was used to calculate the concentration
Cuo alkyl nitrates were quantified by GEFID using their ~ 0f CHsCH(OH)CH(ONQ)CHjs in the chamber.

Equivalent Carbon Numbers [ECNSs], calculated relative to that ~ The initial concentrations of C¥DNO, NO and alkane were
for the parent alkan®, equal and generally at4.8 x 102 molecules cm?® each (in
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Figure 1. Plots of eq | for the gas-phase reactions of OH radicals
with n-decane, 3,4-diethylhexane, amebutylcyclohexane, withn-
octane as the reference compound.

two n-decane experiments the initial concentrations wete2

x 10" and ~2.4 x 10 molecules cm?® each). Irradiations
were carried out at 20% of the maximum light intensity for
2—5 min, resulting in 719% reaction (#12% in all but one
experiment involving-butylcyclohexane) of the initially present
alkane.

Chemicals. The chemicals used, and their stated purities,
were: acetaldehyde (99t8%), butanal (99%), cyclohexanone
(99.8%),n-decane (99-%), 3-pentanone (99%) and propanal
(99+%), Aldrich Chemical Co.p-butylcyclohexane (99%) and
3,4-diethylhexane (99%), ChemSampCo; 2-pentyl nitrate (con-
taining 3-pentyl nitrate), Fluorochem; and N@49.0%) and
cis-2-butene £95%), Matheson Gas Products. Methyl nitrite
was prepared and stored as described previdésly.

Results and Discussion

OH Radical Reaction Rate ConstantsThe data obtained
from irradiations of CHONO/NO/alkaneai-octane/air mixtures

Aschmann et al.

TABLE 1: Rate Constant Ratios k;4/ky, and Rate Constants
k14 for the Gas-phase Reactions of OH Radicals with
n-Decane, 3,4-Diethylhexane, and-Butylcyclohexane at 296
+ 2K

1012 X kla
(cm® molecule'l s™1)
alkane k1dKip? this worlkdb  literature reference
n-decane 1.44-0.04 125+0.4 11.14+0.5 Atkinson et ak*
11.1+0.44 Nolting et al®
12.4+ 0.2 Behnke et af®
11.1 estimated-28
3,4-diethyl- 0.857+ 0.055 7.43t0.48 12.5 estimatéd?8
hexane
n-butylcyclo- 1.82+0.06 15.8-0.6 14.8 estimated28
hexane

a|ndicated errors are two least-squares standard deviatiétiaced
on an absolute basis using a rate constarit:gfOH + n-octane)=
8.67 x 1072 cm® molecule® s7* at 296 K3 Indicated errors do not
include the uncertainties in the rate constapt® At 299 + 2 K, relative
to k(OH + n-hexane)= 5.54 x 1072 cm® molecule* s1.8 9 At 312
K, relative to k(OH+ n-heptane)= 7.16 x 10-*2cm® molecule* s71.3
eAt 300 K, relative to k(OH+ n-octane)= 8.76 x 1072 cm?®
molecule? 713

with analyses of carbonyl and alkyl nitrate products by-GC
FID and GC-MS. The products observed are listed in Tables 2
(n-decane), 3 (3,4-diethylhexane) andrdbltylcyclohexane).
The GC-FID and GC-MS analyses showed the formation of
four Cyp alkyl nitrates fromn-decane. The unique MS frag-
mentation patterns of thealkyl nitrated® allowed the isomers
formed fromn-decane to be distinguished, and 2-, 3-, 4-, and
5-decyl nitrate were identified. Three;&alkyl nitrate peaks
were observed from the 3,4-diethylhexane reaction and tenta-
tively identified from their mass spectra as the two closely
eluting stereoisomers of the secondary nitratesCH(ON-
0,)CH(CH,CH3)CH(CH,CHjz), and the tertiary nitrate (Ci
CH,),C(ONG,)CH(CH,CHg),. Seven closely eluting {g alkyl
nitrates were identified by GC-MS from tmebutylcyclohexane
reaction, but no isomer-specific identification was possible.
These various ¢ alkyl nitrates were quantified by GE&FID
using response factors calculated from their E€Nsee
Experimental Methods).

The products also react with OH radicals, and these secondary
reactions were taken into account as described previéT$te.
multiplicative correction factords, to take into account second-

are plotted in accordance with eq | in Figure 1, and least-squaresary reactions with the OH radical increase with the rate constant

analyses of these data result in the rate constant rififis,
given in Table 1. These rate constant raligg, can be placed

ratio k(OH + product)k(OH + alkane) and with the extent of
reaction® The following literature rate constants (in units of

on an absolute basis using a rate constant for reaction of OH10-12cm?® molecule’® s71) were used: alkanes, this work (Table

radicals withn-octane at 296 K of 8.6% 102 cm? molecule’®

s 1,8 and the resulting rate constakig are also listed in Table

1. Our rate constants for 3,4-diethylhexane arolutylcyclo-
hexane are the first reported, while that fedecane is in good
agreement (within 13%) with those previously measured by
Atkinson et al2* Nolting et al?> and Behnke et &° also using

1); acetaldehyde, 153, propanal, 19.6° butanal, 23.5°
3-pentanone, 2.08and cyclohexanone, 6.39Rate constants
were calculated for the various §alkyl nitrates using the group
rate constants and group substituent factors given by Atkitison,
decreased by 3.6% to account for the recent reference organic
recommendations of Atkinscrand were (in units of 10+ cm?

relative rate methods. As shown in Table 1, rate constants molecule! s™1): 2-decyl nitrate, 8.75; 3-decyl nitrate, 7.84; 4-

calculated using a structureeactivity estimation methd@28
agree well with the measured rate constantsnfolecane and

and 5-decyl nitrate, 7.64 each; @EH(ONG,)CH(CH,CHs)-
CH(CH,CHs),, 8.44; (CHCH,)2C(ONG,)CH(CH,CHj)z, 4.16;

n-butylcyclohexane. However, the measured rate constant forand Gg-alkyl nitrates formed frorm-butylcyclohexane, 10.4

3,4-diethylhexane is a factor of 1.7 lower than the predicted

[an average of the calculated rate constants for the six secondary

value, and this may be due to steric hindrance as also observedalkyl nitrates and the one tertiary alkyl nitrate, isomer-specific

though to a lesser extent, for 2,2,4-trimethylpentarkhe

identifications not being available]. The maximum values of

product data for 3,4-diethylhexane are also suggestive of a lowerthe multiplicative factoi- were: acetaldehyde, 1.84 for forma-

reactivity of the tertiary €H bonds compared to the predictions
of the estimation method (see below).

Products of the OH Radical-Initiated Reactions.Irradia-
tions of CHLONO/ NO/alkane/air mixtures were carried out,

tion from 3,4-diethylhexane; propanal, 2.09 for formation from
3,4-diethylhexane and 1.61 for formation frambutylcyclo-
hexane; butanal, 1.76 for formation frombutylcyclohexane;
3-pentanone, 1.09 for formation from 3,4-diethylhexane; cy-
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Figure 2. Plots of the amounts of 2-, 3-, 4-, and 5-decyl nitrate formed, @ 162 J/ 190 204
corrected for secondary reactions with OH radicals (see text), against 0 Ll thantloltn il 1. W ",
the amounts of-decane reacted with the OH radical. The data for 4- ‘ ‘
and 5-decyl nitrate have been displaced vertically by #.QL0M 150 200 250 300
molecules cm?® and 8.0x 10 molecules cm?, respectively, for clarity. m/z

TABLE 2: Products and Their Fractional Molar Yields
from the Gas-Phase Reaction of OH Radicals witm-Decane
in the Presence of NO

Figure 3. API-MS spectra of irradiated GJONO/NOh-decane/air
mixtures. (A) Positive ion mode with protonation by®f(H,O), ions.
(B) Negative ion mode using NO adduct ions. See text for assign-
ments of the observed ion peaks.

product GC-FID analyse% API-MS analyses
2-decyl nitrate 0.038 0.007 these and other less intense ion peaks observed in the API-MS
izgggy: 2:52%: 8'821 88% spectrum (note that the sensitivity for alkyl nitrates is very low)
5-dec§lll nitrate 0.06% 0.010 indicated the presence of products of molecular weight 172,
total decyl nitrates 0.226 0.038 observed (MW 203) 203, and 219, with the 155, 171, and 173 ion peaks being the

observed (MW 172)
observed, yield 0.22

observed (MW 219)
yield 0.024

hydroxycarbonyls

hydroxynitrates

[M+H—-H0]", [M+H—HJ]* and [M+H] " ions of the molec-
ular weight 172 product, and the 220 and 238 u ion peaks being
the [M + H]™ and [M+H30]" ions of the molecular weight
219 product. API-MS/MS “product ion” spectra of the 204 and

2Indicated errors are two least-squares standard deviations combined220 u ion peaks showed the presence of intense fragment ions

with estimated overall uncertainties in the GEID response factors

for the decyl nitrates, relative to that fordecane, of=15%. ° Positive

at 46 u (attributed to N&), and hence these molecular weight
203 and 219 products are taken to be organic nitrates. Our

ion mode.¢ Negative ion mode as NO adducts. lon peaks attributed . ;
{0 Ce, Cry Co, Co-, and Go-hydroxycarbonyls were observed with ~oPservations of [MH—H,OJ", [M+H—H|" and [M+H] " ions

average ratios 0.17: 0.16: 0.15: 0.17: 1.00; yield is the sum of these Of @ product of 30 mass units greater than that of the parent
hydroxycarbonyls? Negative ion mode as NO adduct of Go n-alkane is analogous to our observations for thbutane
hydroxynitrate. throughn-octane reaction&. This product of molecular weight
172 is identified as a hydroxycarbonyl (presumably a 1,4-
hydroxycarbonyl) of formula GH»0O,, whereas the molecular
weight 203 and 219 products are identified as decyl nitrate(s)
3,4-diethylhexane and-butylcyclohexane, respectively. and hydroxydecyl nitrate(s), respectively. Analogous API-MS
API-MS analysis of irradiated C¥DNO/NO/alkane/air mix- analyses of an irradiated GANO/NOh-decaned,/air mixture
tures were carried out in both positive ion and negative ion showed the presence of ion peaks at 173, 174, 189, and 192 u,
modes. API-MS/MS “product ion” and “precursor ion” spectra these being attributed to [MH—HDO]", [M+H-HQO]",
were obtained for ions observed in the API-MS spectra, and [M+H—HD]*, and [M+H]* of a molecular weight 191 product
the results are discussed below for each of the alkanes studied[C10D1gO(OH)], similar to our previous observations for the
along with the chemical mechanisms consistent with the n-pentaned;, throughn-octanegs reactions’!
observed product distributions. In the negative ion mode, NQvas added after the reaction
n-Decane.Figure 2 shows plots of the amounts of decyl to quantify the hydroxycarbonyl and hydroxynitrate products
nitrates formed, corrected for secondary reactions, against theas [NQsM] ~ adducts'® as described above. Figure 3B shows
amounts ofn-decane reacted, and the decyl nitrate formation an API-MS spectrum of an irradiated @BINO/NOh-decane/
yields obtained from least-squares analyses of these data areir mixture after addition of N@ showing the presence of ion
given in Table 2. API-MS analysis of irradiated @&NO/NO/ peaks at 218 u (N© adduct of a molecular weight 172 species),
n-decane/air mixtures in the positive ion mode showed the 265 u (NQ~ adduct of a molecular weight 219 species) and
presence of ion peaks at 155, 171, 173, 220, and 238 u (Figure281 u (potentially an Ng@ adduct of the molecular weight 219
3A). API-MS/MS “product ion” and “precursor ion” spectra of  species). In addition to the formation of thg@ydroxycar-

clohexanone, 1.18 for formation frombutylcyclohexane; &
alkyl nitrates, 1.41, 1.40, and 1.46 for formation frordecane,
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bonyl, these experiments showed the presence of weaker iorRCH(O)CH,CH,CH,R + O, — RC(O)CHCH,CH,R +

signals at 162, 176, 190, and 204 u suggesting the formation

(numbers in parentheses are the percents relative to the C
hydroxycarbonyl) of G (15—20%), G- (13—17%), G- (9—
15%) and @-hydroxycarbonyls (1615%). These observations
indicate that decomposition reactions of the alkoxy and/or
hydroxyalkoxy radicals occur, although it is possible that the
ion peak attributed to the NO adduct of the @ hydroxycar-
bonyls was in part the £© adduct of the @ hydroxycarbonyl.
From five experiments with added 5-hydroxy-2-pentanone, and
making an approximate correction for secondary reactions of
the hydroxycarbonyls (916%), these data lead to the hydroxy-
carbonyl formation yield given in Table 2. In two of these
experiments, CECH(OH)CH(ONQ)CHs was formed in situ
from the reaction of the OH radical wittis-2-butené23 and
used as an internal standard for hydroxyalkyl nitrate quantifica-
tion, as described above. The hydroxydecyl nitrate formation
yield resulting from these experiments is also given in Table 2.
As noted previously® the API-MS is quite sensitive to
hydroxyalkyl nitrates (more so than to hydroxycarbonyls, as
evident from Figure 3B and the formation yields given in Table
2).

n-Decane Reaction Mechanismlt is calculated that the
fractions of the overall OH radical reaction proceeding by H
atom abstraction from the-€H bonds at the 1-, 2-, 3-, 4- and
5-positions are 3.1%, 20.7%, 25.4%, 25.4%, and 25.4%,
respectively?’28Hence, the 2-, 3-, 4- and 5-decyl nitrate yields
from their precursor secondary;¢El»:0, radicals are 0.184
0.034, 0.244+ 0.044, 0.252+ 0.052 and 0.240+ 0.040,
respectively. Within the experimental errors of the isomeric
decyl nitrate measurements and the likely uncertainties in
estimating the fractions of the overall OH radical reaction
occurring at the various GHgroups, the average secondary
decyl nitrate yield from secondary; 1,10, radicals is 0.233
+ 0.040. This decyl nitrate yield per secondang;O. radical
is ~15% lower than the predicted value of 0.2Because of
the rapid isomerization of all of the initially formed alkoxy
radicals in then-decane reactidf [see also below], formation
of decyl nitrates from reaction 4

RO+ NO,— RONG, (4)

was of no importance for the experimental conditions employed
here.

The product formation yields listed in Table 2 account for
47% of the reaction products fromdecane. However, it must
be noted that the hydroxycarbonyl and hydroxynitrate yields
given in Table 2 from the API-MS analyses are uncertain to a
factor of ~2—3 (as evident from five experiments in which the
hydroxycarbony! yields derived were 13%, 29%, 17%, 23%,
and 34%), and that it is possible that thegglty/droxycarbonyls

HO, (5)
RCH(O)CH,CH,CH,R — RCHO+ RCH,CH,CH, (6)
RCH(O)CH,CH,CH,R — RCH(OH)CHCH,CHR (7)

The empirical estimation method of Aschmann and Atkirtgon
predicts that at 298 K and atmospheric pressure of air the
isomerization rate for all of the decoxy radicals ar@.6 x

10° s71, a factor of~40 higher than the estimated rates of the
O, reactions ¢5 x 10* s71) and decompositions~1 x 10
s™1). The 1,4-hydroxydecyl radicals formed from the isomer-
ization reactions then add,@ form 1,4-hydroxydecyl peroxy
radicals, which react with NO to form 1,4-hydroxydecyl nitrates
[RCH(OH)CHCH,CH(ONO,)R] or 1,4-hydroxydecoxy radicals
[RCH(OH)CH,CH2CH(O)R] plus NO, [by reactions analogous

to reactions 2 and 3]. The 1,4-hydroxydecoxy radicals react with
0,, decompose by €C bond scission, or isomerize, with the
isomerization reaction 8

RCH(OH)CH,CH,CH(O)R — RC(OH)CH,CH,CH(OH)R
(8)

being estimatedf3! to be even more rapid than the initial
isomerization, with a rate of~2 x 10’ s™! (and hence
dominating over the decomposition angi®actions by a factor
of >10%). The resultingo-hydroxy radical reacts with ©to
form the 1,4-hydroxycarbon¥y#®

RC(OH)CH,CH,CH(OH)R+ O, —
RC(O)CH,CH,CH(OH)R+ HO, (9)

The products observed are in accord with these expectations,
and we suggest that the first-generation products fnesiecane
are the decyl nitrates (largely the 2-, 3-, 4-, and 5-decyl nitrates),
1,4-hydroxydecyl nitrates and 1,4-hydroxydecanones (with some
contribution of smaller hydroxycarbonyls from alkoxy radical
decomposition reactions), and thereby analogous to our conclu-
sions for the corresponding-hexane throughm-octane reac-
tions1521

3,4-Diethylhexane. GC—FID and GC-MS analyses of
irradiated CHONO/NO/3,4-diethylhexane/air mixtures showed
the formation of acetaldehyde, propanal, 3-pentanone, and
(tentatively) the Ggalkyl nitrates CHCH(ONGO,)CH(CH,-
CH3)CH(CH,CHg), (observed as the two stereoisomers) and
(CH3CH,)2C(ONGO,)CH(CH,CHs3),. In addition, a small GC
peak was observed with a retention time matching that of
3-pentyl nitrate. Figure 4 shows plots of the amounts of selected
products formed, corrected for secondary reactions, against the
amounts of 3,4-diethylhexane reacted, and the product formation

and hydroxynitrates were lost to some extent to the chamberyields obtained from least-squares analyses of the data are given

walls and/or to particles formed in the chamber from the

in Table 3. The plot of the amount of acetaldehyde formed

reactions. Our analyses showed evidence only for the formationagainst the amount of 3,4-diethylhexane reacted (Figure 4) is

of decyl nitrates, hydroxycarbonyls and hydroxynitrates, and
hence it is likely that these are the only first-generation products
formed fromn-decane.

As shown by reactions-13, in the presence of NO the OH
radical-initiated reaction leads to the formation of the various

isomeric decyl nitrates and the corresponding decoxy radicals.

The Ggalkoxy radicals can react with QO[reaction 5],
decompose by €C bond scission [reaction 6], or isomerize
through a six-membered transition state to form 1,4-hydroxy-
decyl radicals [reaction 7

curved, suggesting that in addition to being a first-generation
product acetaldehyde is also formed from secondary reactions
of other first-generation products (formation from propafal
probably being most important). The acetaldehyde formation
yield during the initial stages of the reaction, obtained from a
second-order regression, is listed in Table 3 and is taken to be
the yield of acetaldehyde as a first-generation product.
API-MS analyses of irradiated GBNO/NO/3,4-diethylhex-
ane/air mixtures in the positive ion mode showed the presence
of significant ion peaks at 87, 105, 155, 171, 173, and 306 u
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Figure 4. Plots of the amounts of & alkyl nitrates (total), propanal,

3-pentanone and acetaldehyde formed, corrected for secondary reactions

with OH radicals (see text), against the amounts of 3,4-diethylhexane
reacted with the OH radical. The data for propanal, 3-pentanone and
acetaldehyde have been displaced vertically by>1.00*2 molecules
cm3, 2.0 x 10" molecules cm?, and 2.0x 10" molecules cm?,
respectively, for clarity. The line through the acetaldehyde data is from
a second-order regression (see text).

TABLE 3: Products and Their Fractional Molar Yields
from the Gas-Phase Reaction of OH Radicals with
3,4-Diethylhexane in the Presence of NO

product GC-FID analyses API-MS analyses

acetaldehyde 0.40
propanal 0.3% 0.06 observed
3-pentanone 0.46 0.04 observed
3-pentyl nitrate 0.02% 0.011
CH3CH(ONG,)CH(CoHs)-  0.145+ 0.026

CH(CzHs)2
(CH3CH,),C(ONG,)CH- 0.032+ 0.008

(CoHs)2
total Gyp alkyl nitrates 0.17%7 0.032
hydroxycarbonyls observed (MW 172)

observed, yield-0.11
observed (MW 191, 2%9)
observed, yield~0.017

hydroxynitrates
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Figure 5. API-MS positive ion mode spectra of (A) an irradiated £H
ONO/NO/3,4-diethylhexane/air mixture and (B) an irradiatedGNO/
NO/n-butylcyclohexane/air mixture, with protonation by®i(H,0),
ions. See text for assignments of the observed ion peaks.

u ion peak being a protonated heterodimer of the molecular
weight 86 and 191 products, the 238 u ion peak being the
[M+H30]" of the molecular weight 219 product, the 306 u
ion peak being the protonated heterodimer of the molecular
weight 219 and 86 products, and the 439 u ion peak being the
protonated dimer of the molecular weight 219 species. The
presence of propanal, which was quantified by-&dD (Table

3), as a product in the API-MS analyses was determined by
MS/MS analysis of the small 203 u ion peak which is attrib-
uted to a protonated heterodimer of two molecules of pro-
panal plus 3-pentanone. Analogous to tidecane reaction
system, the molecular weight 172 and 219 products are attrib-
uted to a hydroxycarbonyl of formula8119(OH)(O) and a

a|ndicated errors are two least-squares standard deviations combinedwdroxyn'tr‘?’lte of formula GHzo(OH)(ONGy). Thus, the only

with estimated overall uncertainties in the GEID response factors
for diethylhexane and products #6% each (and for the alkyl nitrates
relative to that for 3,4-diethylhexane ef15%)." Yield cited is the
initial slope obtained from a second-order regression (see text).
¢ Positive ion mode? Negative ion mode as NO adducts. Weak ion
peaks attributed to &£ Cs-, Cs-, Co-, and Gg-hydroxycarbonyls
observed; yield is the sum of these hydroxycarborf#¢egative ion
mode as N@ adducts. &, Cs-, and Gg-hydroxynitrates observed with
average ratios 0.25: 0.18: 1.00; yield is the sum of these hydroxyni-
trates.

(Figure 5A), with less intense ion peaks at 203, 238, 278, and
439 u. API-MS/MS “product ion” and “precursor ion” spectra

major products not observed in the positive ion mode were
acetaldehyde and the&alkyl nitrates quantified by GEFID
(see Table 3).

In the negative ion mode, API-MS spectra of irradiatedsCH
ONO/NO/3,4-diethylhexane/air mixtures after addition of NO
showed the presence of significant ion peaks at 195, 237, 265,
and 281 u, with the 195, 237, and 265 u ion peaks being
attributed to N@~ adducts of molecular weight 149, 191, and
219 species, and with the 281 u ion peak potentially being an
NOsz~ adduct of the molecular weight 219 species. As noted
above, the negative ion mode is extremely sensitive to hydrox-
ynitrates$® and the molecular weight 149 and 191 species are

indicated that these ion peaks in the API-MS spectra were dueattributed to G- and G-hydroxynitrates. It should be noted that

to products of molecular weight 58, 86, 172, 191, and 219, with
the observed ion peaks at 87 and 105 being the- i~ and

the ion peaks arising from hydroxycarbonyls were of low
intensity in the negative ion mode, despite the fact that they

[M+H30]" ions of the molecular weight 86 product (attributed were prominent in the positive ion mode (Figure 5A). Experi-
to 3-pentanone), the ion peaks at 155, 171 and 173 being thements were carried out with 5-hydroxy-2-pentanone being added

[M-+H—H0]*, [M+H—H]*" and [M+H]*, respectively, of the
molecular weight 172 product (and that at 173 u also the
protonated dimer of the molecular weight 86 product), the 278

as the internal standard after the irradiation, and the yield of
hydroxycarbonyls from the 3,4-diethylhexane reaction is given
in Table 3. In two of these experiments, gEH(OH)CH-
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(ONO,)CH3 was formed in situ from the reaction of the OH isomerization to ultimately form (CCH,),C(OH)CH(CH-

radical with cis-2-butené®23 and used as an internal standard CHz)CH,CHO

for hydroxyalkyl nitrate quantification. The hydroxynitrate

formation yield resulting from these experiments are also given (CHscHz)zc(O)CH(CHZCHs)CHchZOH —

in Table 3. :
3,4-Diethylhexane Reaction Mechanisnit is calculated that CHCH,C(O)CHCH, + HOCH,CH,CHCH,CH; (14)

the fractions of the initial OH radical reaction proceeding by H ] .

atom abstraction from the GHCH,, and CH groups are 5.4%, Further reactions of t_he 1-hydroxy-3-pentyl radical are expected

36.8% and 57.8%, respectively28noting that this prediction O lead to the formation of theghydroxynitrate HOCHCH-

is likely to be in error because the measured rate constant for CH(ONG)CH;CHj, 1-hydroxy-3-pentanone, and propanal plus

3,4-diethylhexane is 40% lower than the estimated value (Table 9lycolaldehyde or HCHOH HCHO.

1). Reactions 2 and 3 then lead to the formation of primary, ~Our product data are in reasonable accord with these

secondary and tertiary,galky! nitrates QNOCH,CH,CH(CH,- expectations. On the basis of our measured 3-pentanone yield,

CHs)CH(CH,CHs)2, CHCH(ONG,)CH(CH,CHg) CH(CH,CH)s, and taking into account formation of the tertiary nitrate and

and (CHCH,),C(ONO,)CH(CH,CHs), [of molecular weight assuming formation of 3-pentanone only from reaction 10, then

203], or NG plus the alkoxy radicals (C4€H,),CHCH(CH- H-atom abstraction from the tertiary -&1 bonds of 3,4-
CHg)CH,CH,0, CH3CH(O)CH(CH,CHs)CH(CH,CHz),, and diethylhexane must account fe#7% of the overall OH radical
(CHsCHy),C(O)CH(CH,CHa)o. reaction. If the CHCH,CH(O)CH(CH.CHs), radical only

It is estimate@33!that decomposition of the (GIEH,),C- undergoes decomposition and forms 1.52 molecules of 3-pen-
(O)CH(CH,CHb), radical tanone (see above), then H-atom abstraction from the tertiary

C—H bonds of 3,4-diethylhexane must account fa83% of
(CH4CH,),C(O)CH(CH,CH,), — CH,CH,C(O)CH,CH, + the overall OH radical reaction, significantly lower than the 58%
CH,CH,CHCH,CH, (10) predictec?’28 Using our measured rate constant and assuming
that the rates of H-atom abstraction from the primary and
secondary €H bonds in 3,4-diethylhexane are those pre-
the 3-pentyl radical formed from the OH radical-initiated dicted?”28then the percentages of H-atom abstraction from the

reaction ofn-pentane in the presence of NO reacting to form Primary, secondary and tertiary-&1 bonds are 9%, 62% and

; 29%, respectively. Taking into account our measurggalkyl
3-pentyl nitrate (12.6%), 3-pentanone (52%), and acetaldehyde*: >
pIEs pr)i)panal (§5%1)1_,f5) P (52%) 4 nitrate yields (Table 3), then the percentages of thealkoxy

It is also estimatét3! that the CHCH(O)CH(CH,CHy)-  'adicals formed are 9% (GJ8H;);CHCH(CH,CH;)CH,CH,0
CH(CH,CHz), radical will primarily undergo isomerization (4.2~ radicals, 47% CECH(O)CH(CH,CHs)CH(CH,CHy), radicals,
x 10° s71) and decomposition (2.8 10P s~1). The isomerization and 26% (CHCH,),C(O)CH(CH,CHy), radicals. The subse-
pathway is expected to form mainly thadhydroxycarbonyl quent reactions of these alkoxy radicals are predfctét®lto
CHsC(O)CH(CHCHs)CH(CH,CHs)CH(OH)CH (see results of lead to 54% 3-pentanone, 31% propanal, 30% acetaldehyde and
the n-decane reaction system, above). The alkoxy radicayCH 2-27 3-pentyl nitrate, compared to our measured 3-pentanone,
CH,CH(O)CH(CH,CHs), formed from the decomposition reac- propanal, acetaldehyde and 3-pentyl nitrate yields oD%,

dominates over isomerization at 298 K by a factor of, ith

tion 11 37 + 6%, ~40%, and 2.3t 1.1%, respectively. Analogous to
reactions of the HOCKCH,O radical formed from the exo-
CH,CH(O)CH(CH,CH,)CH(CH,CH,), — CH,CHO + thermic HOCHCH,0O + NO reaction, where decomposition

is enhanced over that for HOGBH,O radicals formed from
the approximately thermoneutral peroxy peroxy radical
reaction3?it is possible that decomposition of the (gEH,),C-
(O)CH(CH,CHs), radical to 3-pentanone plus 3-pentyl radical
(which is estimated to be slightly exotherd#c®) leads to some
'of the excess energy residing in the 3-pentyl radical, and
ultimately leading to (a) a lower yield of 3-pentyl nitrate from
the 3-pentyl peroxyt NO reaction and (b) the 3-pentoxy radical
: . formed in the 3-pentyl peroxy- NO reaction preferentially
CHCH,CH(O)CH(CH,.CHy), CH3CH2(.:HO+ decomposing to form acetaldehyde plus propanal rather than
CH;CH,CHCH,CH; (12) reacting with Q to form 3-pentanone. If this is the case, then
. the predicted 3-pentanone, propanal, acetaldehyde, and 3-pentyl
CH;CH,CH(O)CH(CH,CHy), —~ nitrate yields are 41%, 4448%, 43-47%, and 1.85.2%,
CH3CHZCH(OH)CH(CI—QCHs)CHZCH2 (13) respectively (with the ranges for propanal, acetaldehyde and
3-pentyl nitrate depending on the amount of 3-pentyl nitrate
The hydroxyalkyl radical formed in reaction 13 is antici- formed from the (CHCH).C(O)CH(CH:CHa). radical reac-
pated-33to react by a sequence of reactions, including a secondtions). The resulting good agreement with our measured
isomerization, toformtheghydroxycarbonyl CHCH,C(O)CH(CH- 3-pentanone, propanal, acetaldehyde and 3-pentyl nitrate yields
CH3)CH,CH,0OH and the @hydroxynitrate CHCH,CH(OH)- suggests that the 3-pentoxy radical formed from the £CH

CH,CH,CHCH(CH,CH,), (11)

is predicted333 to react mainly (85%) via decomposition
[reaction 12] to yield propanal and the 3-pentyl radical (which
as noted above reacts to form 3-pentyl nitrate, acetaldehyde
propanal and 3-pentanotiéd, and by isomerization [reaction
13]

CH(CH,CH3)CH,CH,ONO:.. CHy,)2C(O)CH(CH,CHs), radical preferentially decomposes
The primary alkoxy radical (CYCH,);CHCH(CH,CHs3)CH,- rather than reacting with ©

CH,0 is predicted331to undergo almost exclusively isomer- Using these percentages of H-atom abstraction from the

ization leading to (after reaction of the resulting hydroxyalkyl secondary and tertiary-€H bonds in 3,4-diethylhexane of 62%

radical with @ and then NO) the (CkCH,).C(O)CH(CH;- and 29%, respectively, the formation yields of secondary and

CH3)CH,CH,OH radical, which is predicted to decompose tertiary Go alkyl nitrates from their precursor RQ@adicals are
[reaction 14] (84% of the time) rather than undergo another ~0.24 and~0.11, respectively, consistent with an expected
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TABLE 4: Products and Their Fractional Molar Yields molecular weight 233 dihydroxynitrate (see below). Experiments
froé“ ”}e Gla?]-Phase_ Rehactlgon of OH F]S‘”J"\?(')WS with were carried out with 5-hydroxy-2-pentanone added as the
n-Butylcyclohexane in the Presence o internal standard after the irradiation, and the yield of hydroxy-
product GC-FID analyses  API-MS analyses carbonyls from tha-butylcyclohexane reaction is given in Table
propanal <0.05 4. In two of these experiments, GEH(OH)CH(ONQ)CHz was
butanal 0.072- 0.009  observed formed in situ from the reaction of the OH radical witls-2-
cyclohexanone 0.042 0.007  observed butené?223 and used as an internal standard for hydroxyalkyl
total Gyo alkyl nitrates 0.19: 0.06 nitrate quantification. The hydroxynitrate formation yield result-
total hydroxycarbonyls observed (MW 170) ing f h - is al - - bl
observed, yield-0.37 ing from these experiments is also given in Table 4.
total hydroxynitrates observed (MW 227) n-Butylcyclohexane Reaction Mechanlsm.lt_ is esti-
yield ~0.023 mated’?8 that the percentages of the OH radical reaction

2Indicated errors are two least-squares standard deviations combinecxmof(':‘edIng by H atom ahstraction are- from the,@rbups,
with estimated overall uncertainties in the GEID response factors  2-5% €ach (except for the Glgroup adjacent to the Ghgroup
for n-butylcyclohexane and products @f5% each (and for the alkyl  in the n-butyl side-chain which is estimated to be 7.8%); from
nitrates relative to that fon-butylcyclohexane of:15%). Positive the tertiary CH group, 24%; and from the €igroup, 1.1%.
ion mode.® Negative ion mode as NO adducts. lon peaks attributed  As discussed above far-decane and 3,4-diethylhexane, the
to G- and Gohydroxycarbonyls observed with average ratio 0.18:  jnjtially formed alkyl radicals will add @and then react with

1.00; yield is the sum of these hydroxycarbonylslegative ion mode ; ;

as NQ™ adducts. @-hydroxynitrate(s) and, possibly ,&hydroxycar- le to forrgl Cl(l’ alk?ll hitrates ((.)f mOrI]ecular We'.ght 201)h036: f
bonyInitrates(s) observed:; yield is the sum of the ion peaks at 263 and @IKOXy radicals plus N@ Using the estimation method o
279 u. Aschmann and Atkinsofi,it is predicted that the alkoxy radicals

CH3CH(O)CH20H2-CyC-(?GH11, CH3CH2CH(O)CH2-CyC-C6H11,
formation yield of CHCH(ONQ,)CH(CH,CH3)CH(CH,CHj), and 1-butyl-1-cyclohexoxy will dominantly isomerize, to ulti-
from its precursor gH.10; radical of ~27%5 and a signifi- mately form molecular weight 170 hydroxycarbonyls. In
cantly lower yield of (CHCH;)2C(ONG,)CH(CH,CHs), from contrast, the CECH,CH,CH(O)-cyc-CsHa; radical is predicted
its precursor tertiary H»10; radicall® The products identified to decompose [reaction 15]
and quantified by gas chromatography account<&0% of )
the reaction pathways. The majority of the remaining products CH;CH,CH,CH(O)-cyc-GH,; — CH;CH,CH,CHO +

are predicted to be 45 Cg-, and Gg-hydroxycarbonyls and CyC'QHu (15)
hydroxynitrates, which our API-MS analyses indicate account

for an additiona~13% (uncertain to a factor of-23) of the with the cyclohexyl radical reacting further to form cyclo-
overall products. hexyl nitrate (16%) and cyclohexanone (32%), plus a number

n-Butylcyclohexane. GC—FID and GC-MS analyses of  of other products including HC(O)GIEH,CH,CH,CHO and
irradiated CHONO/NOAh-butylcyclohexane/air mixtures showed  HC(0)CH,CH(OH)CH,CH,CHO 214 The predicted yields of
the formation of butanal, cyclohexanone, and seven closely pytanal and cyclohexanone are therefore 7.7% and 2.5%,
eluting Go-alkyl nitrates. The GC analyses showed no evidence respectively, assuming an alkyl nitrate yield of 19% from the
for the formation of propanal. Least-squares analyses of plots secondary gH14O; radical. This predicted butanal yield is close
of the amounts of products formed, corrected for secondary to that measured (7.2 0.9%), whereas the measured cyclo-
reactions, against the amounts rebutylcyclohexane reacted  hexanone yield of 4.9 0.7% is a factor of 2 higher than the
lead to the product formation yields given in Table 4. predicted value, implying other sources of cyclohexanone. These
API-MS analysis of irradiated C¥0NO/NOAh-butylcyclo- could include formation of cyclohexanone from the predicted
hexane/air mixtures in the pOSitiVe ion mode showed the dominant isomerization of the mZCHZCHZCHZ'CyC'CﬁHll
presence of product ion peaks at 99, 117, 153, 169, 171, 185,radical to form the HOCKCH,CH,CH(O)-cyc-CeHiz alkoxy
218, and 236 u (Figure 5B). API-MS/MS “product ion” and  radical, which can either decompose [to HOLH;CH,CHO
“precursor ion” spectra indicated that the observed ion peaks pjys cyclohexyl radical] or isomerize, with these processes being
at 99 and 117 u were the [WH]* and [M+H3O]" ions of @ estimated to be competitive (3:8 10f s and 9x 108 s ! at
molecular weight 98 product (attributed to cyclohexanone), the 298 K, respectively), and with the cyclohexyl radical forming
ion peaks at 153, 169, and 171 were the4{M—-H;0]", in part cyclohexanone (see above). A second minor pathway to
[M+H—H;]" and [M+H]", respectively, of a molecular weight  cyclohexanone involves decomposition of the 1-butyl-1-cyclo-
170 product, and the 218 and 236 u ion peaks were, respectively hexoxy radical [reaction 16], predicted to be a minor pathway
the [M+H] " and [M+HzO]* of a molecular weight 217 product. ~ compared to isomerization (2:6 10* s™* and 2x 10° st at
An API-MS/MS “product ion” spectrum of the 218 u ion peak 298 K, respectively)
showed the presence of an intense fragment at 46 w{NO
thereby indicating that the molecular weight 217 product is an 1-butyl-1-cyclohexoxy— cyclohexanone-
organic nitrate. As discussed below, the molecular weight 170 CH,CH,CH,CH, (16)
product is attributed to a hydroxycarbonyl and/or dicarbonyl
of formula GgH1g0,, whereas the molecular weight 217 product with the butyl radical forming butanaM23%) and 4-hydrox-
is attributed to a hydroxynitrate and/or carbonyl-nitrate of ybutanal ¢77%)21%
formula GoH100(ONG). The 2-butyl-1-cyclohexoxy and 3-butyl-1-cyclohexoxy radi-
API-MS spectra of irradiated GONO/NOh-butylcyclohex- cals may dominantly isomerize, depending on whether the
ane/air mixtures in the negative ion mode after addition obNO conformation of the six-membered transition state is favorable.
showed the presence of significant ion peaks at 216, 263, andOtherwise, as for the 4-butyl-1-cyclohexoxy radical, they will
279 u, with the 216 and 263 u ion peaks being attributed to react with Q@ and decompose, with decomposition being
NO,~ adducts of molecular weight 170 and 217 species, and expected to be importadtand with (by analogy with the
with the 279 u ion peak potentially being an BiCadduct of cyclohexane systel) the resulting ring-opened radicals reacting
the molecular weight 217 species or an NCadduct of a to form carbonyl-nitrates of molecular weight 217, hydroxy-
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