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Reaction of Oleic Acid Particles with NO; Radicals: Products, Mechanism, and
Implications for Radical-Initiated Organic Aerosol Oxidation
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The heterogeneous reaction of liquid oleic acid aerosol particles withrbidcals in the presence of NO
N.Os, and Q was investigated in an environmental chamber using a combination of on-line and off-line
mass spectrometric techniques. The results indicate that the major reaction products, which are all carboxylic
acids, consist of hydroxy nitrates, carbonyl nitrates, dinitrates, hydroxydinitrates, and possibly more highly
nitrated products. The key intermediate in the reaction is the nitrooxyalkylperoxy radical, which is formed by
the addition of NQ@to the carbor-carbon double bond and subsequent addition,0ff@e nitrooxyalkylperoxy
radicals undergo self-reactions to form hydroxy nitrates and carbonyl nitrates, and may also react with NO
to form nitrooxy peroxynitrates. The latter compounds are unstable and decompose to carbonyl nitrates and
dinitrates. It is noteworthy that in this reaction nitrooxyalkoxy radicals appear not to be formed, as indicated
by the absence of the expected products of decomposition or isomerization of these species. This is different
from gas-phase alkeré€NO; reactions, in which a large fraction of the products are formed through these
pathways. The results may indicate that, for liquid organic aerosol particles in lowehNronments, the

major products of the radical-initiated oxidation (including by OH radicals) of unsaturated and saturated
organic compounds will be substituted forms of the parent compound rather than smaller decomposition
products. These compounds will remain in the particle and can potentially enhance particle hygroscopicity
and the ability of particles to act as cloud condensation nuclei.

Introduction reaction has been that of;Qvith unsaturated compounds,
especially oleic acid, in the form of organic films!® deposited
c particles!! and aerosol&?-1° Experiments have included mea-

fraction is predominantly sulfates, nitrates, and metals, the surer_nfents of gas- and pa_rticle-phase products, kine_tics, hygm'
organic fraction is composed of hundreds to thousands of SCOPICity, and CCN behavior. The result has been an impressive,
organic compounds? The organic particulate matter is either though still incomplete, understanding of these reactions and
emitted directly to the atmosphere (primary organic aerosol, their effects on organic aerosol physmochemlcal properties.
POA), mainly from combustion sources or it is formed in situ 1heré have been far fewer studies on the heterogeneous
by condensation of low-volatility products of the oxidation of —0Xidation of organic compounds by OH and piadicals. The
volatile Organic Compounds (Secondary Organic aerosolv §OA) kinetics of the reaction of Ol’ganic films with OH radicals have
POA and SOA can be transformed in the atmosphere by been investigatet’2and in one case products were analyzed
heterogeneous reactions with OH and{\@dicals and @ the and a mechanism propos&dThe kinetics of the reaction of
same oxidants that are responsible for the formation of 3OA. organic films with NQ radicals has also been investigatéd,
This oxidative processing, or “aging”, of organic particles is as have the products and mechanism of the reaction of deposited
important because it can enhance hygroscopic properties andleic acid particles with N@radicals!! This past emphasis on
thereby increase the ability of particles to scatter light and to heterogeneous alken®s; chemistry will undoubtedly change,
act as cloud condensation nuclei (CCN)pth of which can because most POA consists of saturated compduntisse
impact global climaté. major atmospheric reaction is with OH radicéls.

The extent to which SOA and processed POA contribute to  Recently, we have begun studies on the radical-initiated

the oxygenated component of organic aerosol is not yet known, heterogeneous reactions of organic compounds. Rather than
but it is an issue of considerable interest and the object of Pastimmediately focus on OH radicals, however, our approach has
and present field, laboratory, and modeling activities. For the peen to first investigate the reactions of N@dicals with oleic
past 20 or more years, most laboratory research has focused oRciq particles. This allows us to initially avoid some experi-
SOA formatiorf; but more recently, increasing attention has been antal challenges and to simplify the chemistry since the
given to POA oxidatiort. The most well-studied heterogeneous qaction is primarily localized to the region of the carbon

carbon double bond. The result should be a more limited set of

Atmospheric fine (diameter2.5um) particles are a complex
mixture of inorganic and organic material. Whereas the inorgani
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the results are still expected to provide valuable insight into The NO rapidly converts Ngradicals to NG thereby instantly
the general mechanisms of radical-initiated heterogeneousterminating NQ and NOs reactions.

reactions. This is less the case foy/@actions, whose products Two additional experiments were performed witR500ug
depend to a large extent on the fate of Criegee intermedfidtes m=23 of pure oleic acid particles and5 and~1 ppmv added
that are not formed in OH or NQyadical reactions. This choice  N,Os, respectively, after which the particles 0.8 n# of air

of systems also has the advantage of allowing us to use resultsyvere collected on a filter for off-line analyses. In the first case,
from our recent studies of SOA formation from linear alkene  two filter samples were collected and analyzed immediately for
NO; reaction3® and the reaction of @with oleic acid particle¥ the total concentration of organic aerosol peroxides using an
to aid in interpreting the data. The study employs a combination jodometric-spectrophotometric procedure we have employed
of mass spectrometric (and other) methods to obtain detailedpreviously for SOA In the second case, the filtered material
information on reaction products, which is used to develop a was extracted in ethyl acetate, dried in a stream gf ahd
mechanism that includes both surface and liquid-phase chem-redissolved in acetonitrile. This sample was then analyzed using

istry. an Agilent 1100 Series HPLC coupled to a UV diode array
detector and a Waters Micromass Ultima Global QTOF high-
Experimental Section resolution mass spectrometer with electrospray ionization

(HPLC/ESI-MS). The HPLC contained a 1500.5 mm Zorbax

5 um SB—C18 column that operated at room temperature. The
HPLC method employed gradient elution using two solvent
mixtures: (A) 0.1% (by volume) formic acid in water and (B)

Materials. Oleic acid (99%), 3-decanone (98%), 2-ethylhexyl
nitrate (97%), and nonanoic acid (96%) were obtained from
Sigma-Aldrich Co., and 2-decanol (96%) was obtained from
Qhe_mSampCo. All chemicals were used without further puri- 0.1% formic acid in acetonitrile, with the contribution of B to
f|cat|op. ) ) ) the mobile phase increasing from an initial value of 2% to a

Enviromnental Chamber Technique.Oleic acid [CH(CH,)7- final value of 85% in 90 min. The flow rate was/& min~1,
CH=CH(CH,);C(O)OH] particles were reacted with NO  gnq the sample injection volume wagR. During the analysis,
radicals in the presence of N@nd N.Os at room temperature 5 v/ chromatogram was obtained at 210 nm and major peaks
(~25 °C) and pressure~(97 kPa) in a~6600 L PTFE film were analyzed by ESI-MS. The mass spectrum was scanned
chamber filled with dry, clean air (RH0.5% and hydrocarbons  fom 100 to 1000 Da. As will be shown below, the major
<5 ppbv) from a pure air generator (Aadco). Particles were yoaction products are expected to contain carbonyl, hydroxyl,
created by flushing hot oleic acid vapor into the chamber using carhoxyl, and nitrooxy groups. To determine which functional
clean air. As the vapor coo.led, partllcles formed by homo_geneousgroup(s) were detected at 210 nm, the molar absorptivities of
nugleaﬂon and condensatlgn. Particle mass concentrations wery_jecanone [CECH.C(O)(CHy)sCHg], 2-decanol [CHCH(OH)-
typically ~5004g m (equivalent to~40 ppbv) and the peak (cp,),CH,], nonanoic acid [CH(CH)7C(O)OH], 2-ethylhexyl
in the size distribution _vva5v0.2 um. Nitrate radlca_tls Were pitrate [CH(CH,)s:CH(CHCHs)CH,ONO,], and oleic acid in
generated from b0s, which thermally decomposes in the gas  acetonitrile were measured at this wavelength using a Cary 2200
phase to establish equilibrium with N@nd NQ radicals. The  yyis spectrophotometer. The values were approximately 3,
N.Os was synthesized according to the procedure of Atkinson 3 50 4000, and 200, respectively, indicating that the chro-
et al?® and kept on a glass vacuum rack in liquid nitrogen until matographic peaks were due to nitrates.
it was used. A glass bulb containing an amount ofON
equivalent to a chamber concentration~e ppmv was then
flushed into the chamber using clean air. On the basis of
previous studies<20% was lost to the walls of the vacuum General Reaction Mechanism.On the basis of measure-
rack, glass bulb, and chamber. With apQy concentration of ments of reactive uptake of N@adicals by liquid and frozen
~5 ppmyv, which is far in excess of the oleic acid concentration, alkene films, Moise et & concluded that the reaction occurs
the initial equilibrium concentrations of N@nd NQ are~80 within the top few molecular surface layers. Because of the
ppbv (calculated using an equilibrium constant of . 40711 transitional nature of the interfacial region, the mechanism could
cm® molecule 9). A fan was turned on to mix the chamber air have properties of both gas- and liquid-phase reactions, which,
while adding reactants. Reactions began immediately uponalthough similar in many respects, have significant differences.
adding NOs. Here, we begin by presenting a general reaction mechanism

Particle Analysis. A thermal desorption particle beam mass based on current state of knowledge of the gas-phase chemistry
spectrometer (TDPBMS) was used to analyze particle composi-and then discuss features of the liquid-phase reaction that are
tion in real-timé° and by temperature-programmed thermal relevant to this investigation.
desorptior?! Aerosol is sampled from the chamber into the  From previous studies of the volafife*2 and SOA®8 products
TDPBMS through an aerodynamic leffs}® and the resulting of gas-phase reactions of linear alkenes withsN@&dicals in
particle beam impacts in a V-shaped notch in the tip of a copper the presence of N9 N,Os, and Q it would be expected that
vaporizer rod coated with a nonstick polymer. Vapor molecules the reaction with oleic acid in air can potentially form products
are ionized by 70 eV electrons and analyzed in a quadrupole 1—7 by the mechanism shown in Figure 1. Since the mechanism
mass spectrometer. For real-time analysis the rod was resistivelyis not affected by functional groups on Bnd R, for simplicity
heated to~165 °C, while for TPTD analysis particles were we call these alkyl groups even though one is a carboxyl. The
collected on the rod at30 °C for ~15 min and then heated to  reaction is initiated by addition of N§Xo the carbor-carbon
~150°C at 2°C min~1. Compounds desorb according to their double bond, with the reactions with N@nd NOs being too
vapor pressures, allowing separation of components for massslow to be important for the [NE¥Y[NO;] and [NG;]/[N20s]
spectral analysis. The mass spectrum was scanned from 10 taatios present in these experimefft4344 The resulting ni-

500 Da. Aerosol volume concentrations were calculated from trooxyalkyl radical then reacts solely with,Qo form a
particle size distributions measured using an SM#SIn one nitrooxyalkylperoxy radical. Other species would need to be
of these experimentsy10 ppmv of NO was flushed into the  present at concentrations greater thalD0 ppmv and react at
chamber after the oleic acid was completely reactefd inin). the gas kinetic limit to compete withat ~2 x 10° ppmv24

Results and Discussion
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General Reaction Mechanism
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Figure 1. Proposed mechanism for forming first generation products from the reaction ofad{@als with oleic acid [R= CHz(CH,); and R
= HO(O)C(CH)- or vice versa)]. The identified products are in boxes.

The nitrooxyalkylperoxy radical can react with H@ form a addition of either N@ or N,Os to the double bond, but these
hydroperoxy nitrate J] or with NO, to form a nitrooxy experiments were performed in the absence 980
peroxynitrate 2], which is thermally unstable (the time constant A number of studies have investigated the products and
for the reverse reaction is1 s at 25°C*) and therefore acts  mechanism of the liquid-phase reaction of alkenes with MO

as a temporary reservoir for the nitrooxyalkylperoxy radical. he presence of §D, and Q, and these are also relevant to this
The nitrooxyalkylpe_roxy radical can undergo_a self-reaction t0 giscussiorfe-5! These experiments were usually carried out by
form a hydroxy nitrate 3] and carbonyl nitrate 4 or a bubbling the gases through an alkene solution, which may

nitrooxyalkoxy radical that can also be formed by reaction with ,-oqyce reaction conditions similar to those employed here. The
a NG; radical. The branching ratios for formation of the carbonyl major products were a hydroxy nitrite, carbonyl nitrite, and

and alcohol pair from the gas-phase self-reactions of alkylperoxy nitrooxy nitrite, analogous to the hydroxy nitrat®,[carbonyl

radicals are typically~0.3-0.8 (and thereforevo.7—é)f.2 for nitrate @], and dinitrate 7] shown in Figure 1. The formation
fqrmatlonlkof alk(();_(y lradlcals) at .“;]0”“ t]?mperat e;)?l’hel of these products can be explained by the mechanism shown in
nitrooxyalkoxy radical can react with Lo form a carbonyl g e 1 except that the reaction is initiated by addition 06NO

hitrate H] plus HO;, decompose to aldehydes, [6] (in this rather than a N@radical to the double bond, thereb i
. . , y forming
case nonanal [CHCH,);CHO] and 9-oxononanoic acid [OHC- a nitroalkyl radical rather than a nitrooxyalkyl radical. As with

(Biggféog?mé Z:r(;?\am \;\gther']\lg toffg;mbsat.?'gga;elkg' all liquid-phase reactions carried out in air at atmospheric
u g propensity f@rsubstitu Xy pressuré? the nitroalkyl radicals are expected to react exclu-

radicals to dgco_mpos:‘é,the aldehydes would almost cgrtalnly sively with G, to form nitroalkylperoxy radicals. When second-
be present if nitrooxyalkoxy radicals formed. The nitrooxy- . e
. - . . ary alkylperoxy radicals (this is also the type formed from the
alkoxy radical can also isomerize through a 1,5-H atom shift to reaction of oleic acid with N@radicals) such as these undergo
a nitrooxyhydroxyalkyl radical and then react according to the a self-reaction in the liquid phase thev apparently produce gnl
nitrooxyalkyl radical mechanism. Although OH radicals are quIc phe Y apparently pro ony
2 carbonyl and alcohol péfrvia a tetroxide intermediate, in

apparently produced in these reactions, the concentrations ar . )
much too low to compete with the rapid alkerl§O; reactions accordance with the Russell mechanfrainlike the gas-phase
reaction, few alkoxy radicals appear to be formed at room

under these conditions and therefore do not impact the chem- A
temperature. The reason for this difference has not been

istry 47 ; - : i o
y ¢ determined. In the N@initiated reaction, the nitrooxy nitrite

Much less is known about the products and mechanism o . .
the reactions of alkenes with N@adicals in the presence of and some fraction of the carbonyl nitrite were apparently formed

NO, and N:Os in the liquid phase, and we are aware of only b_y decompositio_n of a nitro perox_ynitrate (analogous_to the
one study performed in the presence of Ghis was carried nitrooxy _pgroxymtrate%{] decomposmg to the carbonyl nitrate
out on deposited, millimeter-size liquid oleic acid partictes. ~ [4] and dinitrate f]), which was highly unstable above0 °C.5!
Infrared analysis indicated the presence of compounds contain-1h€ carbonyl nitrite was apparently formed by loss of HNO
ing carbonyl, carboxyl, nitro, nitrooxy, and possibly nitroperoxy Whl|e the mechanism by which the nitrooxy nitrite was formed
groups, while GCMS and HPLC/ESI-MS analysis indicated an 1S not known.

absence of carbonyl decomposition produbt$] and provided According to studies of polymer formation from the radical-
evidence for oligomers. One study of the reaction of stilbene initiated oxidation of styrene [§HsCH=CHj] in the presence
[CeHsCH=CHCgHs] identified nitronitrates and mixtures of  of O, there are a number of other reactions that could occur
nitroalkenes and suggested the reaction mechanism may involven the liquid phase but not in the gas phase. The most important
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to consider are abstraction of an H atom (for alkylperoxy radicals 750
these must come from resonance-weakened bonds such as allylic 55
C—H bonds in unsaturated compouPfisand addition to the 600
oleic acid double bond by alkylperoxy radicals. These reactions
will form hydroperoxides and peroxide polymers, respectively.
Peroxide polymerization also opens new channels for the
formation of alkoxy radicals, which can react by H atom
abstraction to form alcohols and add to the oleic acid double ¥
bond, thereby adding ether linkages within the peroxide 150
polymers. The latter can then depolymerize to form carbonyls

by decomposition reactions similar to those shown in Figure 1 040 %0 no 50 o 250
for other alkoxy radicals. Because our results indicate that m/z

peroxides were not formed in these reactions, and that nonper- 1000+ . . . .
oxide polymers were not formed by addition of species to the

oleic acid double bond, these reactions are not included in the 800
figure.

To summarize, the mechanism shown in Figure 1 includes a )
number of possible reaction pathways that have been identified g
in previous studies of gas- and liquid-phase reactions. The 5 4
chemistries of the gas and liquid phases have many common
features, but also differences. There are also reactions that can
occur under some circumstances that are not included in the N l
mechanism, since our results indicate they are not significant 40 20 140 190 240 200
in these experiments. The mechanism shown in Figure 1 is m/z
meant to provide a convenient framework for discussing our '
results and identifying which of the possible reaction pathways o
are important for the heterogeneous reaction of; M&licals
with oleic acid in the presence of NON,Os, and Q. After
presenting and discussing our results, the mechanism will be
further simplified.

Mass Spectral Analysis of Reaction ProductsThe major
challenge in using TDPBMS mass spectra to identify reaction
products is that standards are only available for the aldehyde
products b, 6] shown in Figure 1. The approach taken here P T Y Anaon Badh s Banatatanaara |
was to use mass spectra of compounds with related structures, 0 10 20 30 40
well-known electron impact ionization fragmentation path- Time (min)

ways?® and TPTD profiles to determine which of the potential ~ Figure 2. Time-dependent TDPBMS (A, B) mass spectra and (C)
products appear to be present. Important information was alsonormalized single ion signal for the reaction of oleic acid particles with

OA +NO, A
T=0min

keps)

450

=

300

gnal

T =35 min

cps)
[+2]
8

S|

155

97
109 405 141 | 474 -

Relative Signal

obtained from HPLC/ESI-MS analysis. NO;s radicals.
TDPBMS AnalysisReal-time TDPBMS mass spectra of oleic
acid aerosol particles before and after reaction wityNd@icals  information on composition. Desorption profiles for selected

are shown in Figure 2A,B. The oleic acid mass spectrum has nyz values and total ion signah(z 40—200) of the reacted
distinctive high-mass peaks aw/z 282 and 264 from the  aerosol are shown in Figure 3A. Because the total signal is
molecular ion and the fragment formed by loss ofCH approximately proportional to the organic mé&shis profile
respectively, as well as many lower mass peaks. After 35 min yepresents the distribution of organic mass with respect to
of reaction the oleic acid is gone, as indicated by the disap- yolatility. The desorption profiles exhibit maxima at ap-
pearance of all peaks abowe/z 173. The largest, most  proximately 87, 120, and 13%, representing single compounds
distinctive high-mass product peaks are thosevatl25, 141, or groups of compounds with similar volatilities. Also labeled
155, and 171. Itis also noteworthy that a large peak appears atin the figure are the approximate temperatures at which
m/z46. This is due to NQ and is indicative of OrganiC nitrates. 9-oxononanoic acid (2&:), a potentia| product’ and unreacted
Figure 2C shows the time-dependent signal of selected massp|eic acid (40°C) would be expected to desorb.
fragments from oleic acid and reaction products. The sharp e begin the TPTD data analysis by considering the two
decrease imvz 264 after adding bDs shows that oleic acid  possible aldehyde products, nonanal and 9-oxononanoic acid
reacts completely within-1—2 min. There is a corresponding |5, 6]. The mass spectra of these compounds have characteristic
sharp increase imvz 155 (Wz 125, 141, and 171 behave jon fragments that can be used to evaluate their abundance
similarly) followed by a slow decrease, probably due to wall among the reaction products. The mass spectra and fragmenta-
loss and possibly further reaction. Tin@z 46 ion behaves  tjon pathways are shown in Figures 1S and 3S (Supporting
differently, in that it increases more S|OW|y than the other |nf0rmati0n), respective]yl For nonanaL the ions ave 124
product ions and appears to reach a plateau afi€r min. As and 114 from loss of O and CH=CH,, and for 9-ox-
a result, the intensity afvz 46 increases with time relative to  ononanoic acid they amevz 154, 144, and 136 from loss of
m'z 125, 141, 155, and 171. H20, CH;,=CH,, and 2HO. As shown in the mass spectra of
Results of TPTD analysis of the reaction of oleic acid with the oleic acid reaction products (Figures 2 and 3), these peaks
NO; radicals are shown in Figure 3. This technique separatesare all very small, indicating the compounds are not present in
compounds according to volatility, and so provides additional significant amounts. One explanation for the absence of nonanal
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120

— — that nonanal also is not formed. This conclusion is supported
87°C 120°C 135°C| A by the observation that the aerosol volume measured with the
i SMPS increased by 8% after reaction of oleic acid with NO
radicals (presumably due to the replacement of H atoms by
functional groups containing N and/or O atoms), indicating no
- obvious loss of mass by volatilization.

Mass spectra obtained at the 87 and I8 desorption
maxima are shown in Figures 3B,C. The spectra are similar,
204 o el except that the relative intensity n¥z 46 is larger at the higher

. :% desorption temperature (i.e., lower compound volatility). The

0 B T T T 1 tendency for them/z 46 signal to increase with desorption
0 25 50 75 100 125 150 . . . . .

Vaporizer Temperature (°C) temperature and with time of reaction (Figure 2C), relative to
. . . them/z 125, 141, 155, and 171 signals suggests that there is a
relation between compound volatility and time of formation.
One possibility is that the products created later in the reaction,
after the oleic acid is gone, are lower volatility compounds
formed by adding nitrooxy groups to first generation products.
- This could happen in two ways. One is by reaction of nitrogen
oxides with hydroxyl groups on first generation products, such
as the hydroxy nitrate3]. For example, it has been proposed
that the reaction

o Total |
125 |
141 |
|
|
|
I

1004
<o
s 144
o
o

80
155

60 171

Relative Signal
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100 41 Tdes_87oc L
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N Il.l... SN YL L,
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Y% . . .
120 " mz . occurs in the condensed-phase synthesis of nitrates from the

4 e © reaction of alcohols with pDs,%” and also by a slow gas-phase
1004, 7 8 Tows = 135°C i reaction (with undetermined contributions from heterogeneous
wall reactions8 One proposed mechanism involves the forma-
tion of an energetically favored six-membered ring with a N
- atom and O atom from $Os bound to the O atom and H atom
155 in the OH groug® Another possible reaction is H atom
125 171 abstraction by a N@radical, which has been shown to occur
141 on saturated organic films at rates that are similar or slightly
slower than N@radical addition to alkene film& This reaction
would generate a substituted alkyl radical that could be
converted to a nitrooxy or hydroxyl group by pathways shown
in Figure 1 for other alkyl radicals. The hydroxyl group could

97

R,CH(OH)R, + N,O, — R,CH(ONO,)R, + HNO; (1)

80

60

Relative Signal

40
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| || L '-'I' i ‘m Ll
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m/z

Figure 3. TPTD (A) desorption profiles and mass spectra obtained at : . . i
(B) 87 °C and (C) 135°C for the reaction of oleic acid particles with then react according to reaction 1. To test this hypothesis, in

NOs radicals. OA and 9-ONA refer to oleic acid and 9-oxononanoic ©ON€ experiment NO was added to the _Chqmber soon after the
acid. oleic acid reacted~5 min), but before significant amounts of
higher generation products could form. The NO reacts rapidly
could be that it is too volatile to remain in the aerosol on the with NOs radicals (forming two N@ moleculesy, thereby
time scale of these experiments. For example, a number ofinstantly terminating N@and NOs reactions. From this time
studies of the reaction of oleic acid withs@or which nonanal onward, than'z46, 125, 141, 155, and 171 signals all exhibited
is a major product, have shown that it can rapidly evaporate similar slow decays such that the ratio of the intensityri#
from films and particle$:314This does not explain the absence 46 to the other ions remained approximately constant, rather
of 9-oxononanoic acid, however, which is a major particle-phase than increasing as in the other experiment. In addition, TPTD
product of the @ reactiont216-1° In our previous study of the  analysis of the products of the reaction yielded very different
reactions of @ with oleic acid particles and with gas-phase desorption profiles, as shown in Figure 4. Instead of three peaks,
9-decenoic acid [HO(O)C(ChCH=CHj], which forms SOA, only a peak at 87C was present. The mass spectrum is similar
9-oxononanoic acid was identified in the particle ph&seor to that observed without added NO (timéz 155 peak is probably
the 9-decenoic acid reaction, the desorption profile had a higher because of slight differences in the relative proportions
maximum at~28 °C and the corresponding mass spectrum of the products). This result supports the hypothesis that the
matched that of the 9-oxononanoic standard. In the oleic acid peaks at 120 and 13% are due to more highly nitrated, higher
reaction, 9-oxononanoic acid could not be completely isolated generation products. The result also indicates that any polymers
from the complex mixture of products, but its presence was formed in the absence of NO cannot be formed by the addition
indicated by overlappingn/z 136, 144, and 154 profiles that  of nitrooxyalkylperoxy or nitrooxyalkoxy radicals to the oleic
exhibited a distinct shoulder near 28. Conversely, the signal  acid double bond. Otherwise, adding NO after the oleic acid
from m/z 144 (/z 136 and 154 behave similarly) shown in has been reacted would not so effectively eliminate the formation
Figure 3A is essentially zero below50 °C. On the basis of  of the low-volatility material that might contain a polymeric
the small intensity of the characteristic 9-oxononanoic ions in component.
the product mass spectra, and the desorption profiles, we The results discussed thus far suggest that the compounds
conclude that this compound is not formed in the reaction. Since associated with the 87C desorption maximum are some
nonanal is an expected coproduct of the decomposition reactioncombination of first generation products, which subsequently
that would produce 9-oxononanoic acid (Figure 1), we conclude add nitrooxy groups to form higher generation products that
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120 . . s . atm/z 97, 109, 125, 141, 155, and 171, as well as minor peaks
—e—Total 87°C,  OA+NO/NO A atm/z 143 and 173, and the absence of peaks alozel 73.

100+ TPID i The proposed pathways are shown in Figure 5. Those proposed
for the nitrooxy hydroperoxidel] and nitrooxy peroxynitrate

[2] are only meant to demonstrate ways that these compounds
could generate observed ions, since no appropriate standards
are available. Desorption profiles plotted in Figure 4C show
that ions expected to be generated from the same molecule,
including m/z 97, 125, and 143; 109, 155, and 173; and 141
and 171; have overlapping profiles.

A 25 50 75 100 125 150 The first important conclusion that can be made from this
Vaporizer Temperature (°C) analysis is that one of the first generation products is the hydroxy
! ' ' B nitrate [3]. This is the only potential product that is likely to
100 Tewe=87C 185 | generate peaks at/z 97, 125, and 143, and at'z 109, 155,
56 and 173. The slight differences in the maxima in the desorption
- profiles of these two sets of ions (86 and 88, respectively)
suggests that the isomers have different volatilities. If the
101 171 hydroxy nitrate B] is formed, the reaction mechanism (Figure
125 L 1) indicates that the carbonyl nitratd] is also formed. This
97 0o compound could contribute tavz 141 and 171, although the
- hydroxy nitrate B] and dinitrate ] could also contribute. We
whe bl can rule out the presence of significant amounts of the nitrooxy
160 200 hydroperoxide I], since the measured concentration of organic
peroxides was below the detection limit of our methed X
C umole nT3), which corresponds to a maximum peroxide
L contribution of~5—10% to the aerosol mass. Alkyl hydroper-
oxides such as the nitrooxy hydroperoxid& [should be
r sufficiently stable to survive the few hours of the experiment
and sample collection prior to analys$fsThis may not be true
for the nitrooxy peroxynitrate?], however, which is much less
L stable?! It is possible that this compound forms and then
B decomposes in the chamber or on the filter by pathways shown
=" in Figure 1. It is also unlikely that the dinitrat&][contributes
to the 87°C peak. In previous studié&>° we observed that
60 70 80 90 100 110 the presence of a nitrooxy group increases the desorption
Vaporizer Temperature (°C) temperature significantly more than a hydroxyl or carbonyl
Figure 4. TPTD (A, C) desorption profiles and (B) mass spectrum 9roup, which had similar effects on volatility. This trend is more
obtained at 87°C for the reaction of oleic acid particles with NO  consistent with the hydroxy nitrat8][and carbonyl nitrate4]
radicals, followed by the addition of NO. desorbing at 87C and dinitrates desorbing at higher temper-
atures.

HPLC/ESI-MS AnalysisAdditional support for our assign-
ment of aerosol products was obtained from filter samples
analyzed by HPLC/ESI-MS. Compounds were separated by
é—iPLC, a UV chromatogram was obtained at 210 nm, and the
major peaks were analyzed by ESI-MS (including MS/MS). The
chromatogram is shown in Figure 6, and the 6 major peaks

nalyzed by ESI-MS (positive ions) are labeled in the order in
hich they are discussed. As shown in the Experimental Section,
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desorb at approximately 120 and 1% Additional information

on the identity of the first generation products can be obtained
by comparing TPTD profiles of characteristiwz values with

predictions based on expected fragmentation pathways. Becaus
of the simpler desorption profiles obtained when NO was added,
these data are shown in Figure 4. Although no authentic mass
spectral standards are available, reasonable predictions regardin

fragmentation patterns can be made based on establishe . . .
fragmentation mechanisitsand mass spectra of related com- absorption at 210 nm is apparently due overwhelmingly to the

pounds. The mass spectra chosen for this purpose are 5,6-”““00)_(y group, ir)dicating tha_t the chror_natographic ar.‘a'YS_‘S was
dihydroxydecane, 1-hydroxy-2-nitroxytetradecane, and 2-oxoa- e;pemally selec_tlve _toward nhitrates. This ;hc_:uld_ not significantly
dipic acid, which are shown along with proposed fragmentation bias the analys_ls, since TDPBMS analysis indicates that all the
pathways in Figures 2S and 3S (Supporting Information). One products are nitrates.
important generalization that can be made from these spectra Figure 7A shows the mass spectrum obtained for peak 1. In
is that electron impact ionization of a molecule containing two ESI-MS analysis, positive ions usually correspond to protonated
adjacent functional groups always leads to scission of th€C ~ molecules, dimers, or fragments formed by the loss of simple
bond between the functional groups. When scission occurs molecules such as#0. The compound associated with peak 1
between hydroxy]y CarbonyL and nitrooxy groups, the fragmen- has ions atn/z 360 and 719, which most ||ke|y are due to the
tation pathways can also involve loss®and CH=CH,, CO, protonated monomer and dimer of a molecule with molecular
and NQ and H (by transfer to a radical fragment), respectively. Weight 359. We therefore assign peak 1 to the carbonyl nitrate
From the mass spectrum of 9-oxononanoic acid, it is also seenl[4]-
that carboxylic acids lose 0. The mass spectrum obtained for peak 2 is shown in Figure
On the basis of these fragmentation pathways, we can explain7B. The ions atmwz 362 and 723 are most likely due to the
the presence of large peaks in the reaction product mass spectrarotonated monomer and dimer of a molecule with molecular
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Electron lonization Fragmentation Pathways

+
Ri B2 Re" N0 + Ri”X +NO,
—
+
X ONO; R17 X + R Nqg +NO
‘-» further fragmentation
Tt
R1 RZ HZ/\O + R1/\O + NO2
—_—
O  ONO, RI7NG + R Ng + NO2

R1, Rg = CH3(CHg)7, HO(O)C(CHz)7; X = OOH, OONO,, OH, ONO>

CHg(CH2)7CO* + HO(O)C(CHp)7CHX*

products 1-4,7 mz 141 L+ further fragmentation

HO(O)C(CH2)7CO* + CHz(CHgp)7CHX*

m/z 171
L—— further fragmentation

1R R .
‘ € CHy(CHg);CHOOH* m/z 159 HO(O)C(CHg);CHOOH* m/z 189
HOO  ONO, l—Hzo l—Hzo
CH3(CH2)7,CO* m/z 141 HO(O)C(CH2)7;CO* m/z 171
2 Ry R .
&, CHg3(CH,);CHOONO,* m/z 204 HO(O)C(CH2),CHOONO,* m/z 234
0O-NOO ONO2 l HNO l_HNOS
—HNO3
CHa(CH2)7CO* m/z 141 HO(O)C(CH2)7,CO* m/z 171
3R R € CHg(CHz),CHOH* m/z 143 HO(O)C(CH2);CHOH* m/z 173
HO ONO2 l -H,0 1 —-H,0
CHs(CH2)s H m/z 125 HO(O)C(CH2)4 y m/z 155
H T HT T+
l - CHy=CH, l ~CHp=CHj
CHa(CHa)dCH=CH* m/z 97 HO(O)C(CH2).CH=CH* m/z 127
l-Hzo
OC(CHg)4C=CH* m/z 109
4 Ry Rg e
—Z = CH3(CH2)7CO* m/z 141 HO(O)C(CHo)7CO* m/z 171
(o] ONO»
7R R o
—= CHj3(CH);CO* m/z 141 HO(O)C(CHy)7CO* m/z 171
O2NO ONO; '

Figure 5. Proposed electron impact ionization fragmentation pathways for potential products of the reaction of oleic acid particlesswith NO

radicals.

weight 361. We therefore assign peak 2 to the hydroxy nitrate two, or three HO molecules. This is consistent with the presence
[3]. Them/z297 ion is associated with an unidentified coeluting of one nitrooxy, one hydroxy, and one carboxyl group, which
compound. This can be seen from the MS/MS spectrum showncan generate losses of one H)N®@ne HO, and one or two

in Figure 7C, since navz 297 ion is formed when thevz 362 H,O molecules, respectively.

ion (or m/z 723, which gives the same MS/MS spectrum) The mass spectrum obtained for peak 3 is shown in Figure
fragments. The ions generatedralz 299, 281, 263, and 245 8A. The ions atm/z 407 and 813 are most likely due to the
can be explained by loss of one HAl®olecule and zero, one,  protonated monomer and dimer of a molecule with molecular
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Figure 6. HPLC—UV chromatogram of the products of the reaction
of oleic acid particles with N@radicals.
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Figure 7. Electrospray ionization mass spectra (ESI-MS and ESI MS/
MS) of the products of the reaction of oleic acid particles withaNO
radicals. Peaks 1 and 2 are from the HPLGV chromatogram in
Figure 6.M is the molecular weight of the proposed product.

weight 406. We therefore assign peak 3 to the dinitrdle [
The m/z 766 ion is associated with an unidentified coeluting
compound, since it does not appear in the MS/MS spectrum of
m/z 813 (the same as that shown in Figure 8B oz 407).

The ions generated at/z 281, 263, and 245 can be explained
by loss of two HN@ molecules and zero, one, or two,®!
molecules. This is consistent with the presence of two nitrooxy

Docherty and Ziemann
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Figure 8. Electrospray ionization mass spectra (ESI-MS and ESI MS/
MS) of the products of the reaction of oleic acid particles withsNO
radicals. Peaks 3 and 4 are from the HPHQV chromatogram in
Figure 6.M is the molecular weight of the proposed product.

groups and one carboxyl group, which can generate losses of
two HNO; and one or two KO molecules, respectively.

The mass spectrum obtained for peak 4 is shown in Figure
8C. The ions at/z 423 and 845 are most likely are due to the
protonated monomer and dimer of a molecule with molecular
weight 422. We therefore assign peak 4 to a hydroxy dinitrate,
possibly formed by the reaction oHL8s with a dihydroxy nitrate
as in reaction 1. The ions generatedrét 297 and 279 can be
explained by loss of two HN@molecules and zero or one@
molecules. This is consistent with the presence of two nitrooxy
groups and one hydroxyl group, which can generate losses of 2
HNO;3; and one HO molecules, respectively. Unlike the other
products no further loss of either one or twg@imolecules
from the carboxyl group is observed. Although the nitrooxy
peroxynitrate 2] also has a molecular weight of 422, this
compound is probably not present since no peroxide was
detected in the particles and it is apparently unstable at room
temperaturé?

The mass spectra of peaks 5 and 6 are not shown. The mass
spectrum of peak 5 contained ions indicative of oleic acid as
well as other ions up ton/z 798, while peak 6 showed only
high-mass ions betweer/z 338 and 972. The amount of oleic
acid could not be estimated, since the chromatographic peak
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has contributions from other compounds and ESI-MS is not Time Constant Analysig.he initial product formed when a
guantitative. Also, the TDPBMS was not available at this time. NOgs radical adds to the double bond is a nitrooxyalkyl radical,
The most likely reasons why oleic acid was present in this which immediately reacts with o form a nitrooxyalkylperoxy
experiment and not those shown in Figures42is that the radical (RQ*).52 We begin this analysis by showing that these
conditions were somewhat different. In this experiment, much RO, radicals probably diffuse throughout the particle before
more oleic acid was added to the chamber to maximize the reacting. This could be important if surface chemistry differs
concentrations of products for HPLC/ESI-MS analysis. The significantly from bulk chemistry. The rate of formation of RO
mass concentration could not be quantified, however, becauseradicals,Rro,, is equal to the rate of reaction of oleic acid,
the additional oleic acid caused the particle size distribution to Roa. From Figure 2, an oleic acid particle reacts completely in
extend well beyond the limit of the SMPS-0.8 um). On the atimet ~ 90 s. For a particle with densify= 0.9 g cn13 and
basis of the observed distribution, the concentration was molecular weightM = 282 g mof?, this corresponds to
probably~4—5 mg nm3 (~0.4 ppmv) or more, compared to

~0.5 mg n13 for the other experiments. Furthermore, in this Rgo. = Roa = pNA/Mt = 2 x 10® molecules cm®s™ (2)
experiment the concentration o8 was reduced from-5 to

~1 ppmv to limit the extent of reaction during sample collection. whereNa is Avogadro’s number. If the rate of loss of RO
Considering the uncertainty in the oleic acid mass concentrationradicals is primarily by the self-reaction, then at steady state
and in the NOs concentration (due to wall losses), it may be

that oleic acid remained because it was present in excess of Rro, = k,;eoz._Roz.[ROZ']2 3)
N2O:s. It is also possible that for these larger oleic acid particles

some oleic acid was inaccessible to N@ecause of reduced  Solving for [RQ*] gives

diffusion through reaction products. Regardless of the reason,

the presence of oleic acid does not affect the interpretation of [RO,] = (RRoz-/kRoz-—Roz~)l/2 = 1.5 x 10" molecules cm®

our results. (4)

The high-mass ions observed in peaks 5 and 6 may be
indicative of oligomeric species. If this is true, then additional
studies are needed to determine the mechanism by which the
form. According to studies of polymer formation from the
radical-initiated oxidation of styrene in the presence off©
the most likely reactions would involve addition of nitrooxy-
alkylperoxy and/or nitrooxyalkoxy radicals to the oleic acid
double bond. As discussed above, however, the results of our
peroxide analyses and our experiment in which NO was added
to the chamber after the oleic acid was reacted indicates that _ . -3
neither of these two reactions is important here. It is worth Tros—r0; = Wros—ro,[RO;1 ~ 7 10°7s ®)
noting that radical-initiated styrene polymerization in the
presence of @is carried out at oxidation rates that are orders
of magnitude slower than those occurring h&rethereby

where a value okroy—roy = 9 x 10716 cm® molecule’! s71
measured for the self-reaction of RQadicals formed from
Yhe autoxidation of liquid methyl oleate (i.e., the methyl ester
of oleic acidf® has been used in the calculation. Note that this
value is similar to the recommended value~eB x 10715 cm?3
molecule! s~ for gas-phase self-reactions of secondary,RO
radicals?* The time constant for this second-order loss process,
evaluated at the steady-state concentration, is

This calculation of [R@] assumes that ROradicals diffuse
throughout the particle prior to reacting. If, however, diffusion

dramatically enhancing the rates of reactions of alkylperoxy were so slow that the self-reac_tlon occurred in a surface layer
of thicknesso ~ 1 nm (approximately one molecular layer),

radicals with the styrene double bond relative to self-reactions. . . X

i . ) then for a particle with diameted ~ 200 nm the rate of

Neither nonanal nor _9-oxononan0|c qmd was detected by formation of RQ* radicals in this layer, Royz, would be
HPLC/ESI-MS, but this is not an appropriate method for these
compounds because they are not nitrates and so do not absqrbgRo. = Ryo.(7d¥/6)/(d?0) =
strongly enough at 210 nm to appear in the chromatogram. Their 2 2
absence from TDPBMS analyses shows, however, that they were Reo,(0/60) = 7 x 107 molecules cm®s™ (6)
not formed to any significant extent in these reactions.
Some of these results are similar to those reported by Hungin which caserro,-ro; ~ 1 x 1073 s.

et al.1* who used HPLC/ESI-MS, GCMS, and infrared spec- The time constant for diffusion of a molecule with diffusion
troscopy to analyze the products of the reaction ofK@licals  coefficientD (~2 x 107 cn? s7* for oleic acid§* in a particle
with deposited, millimeter-sized oleic acid droplets. They also With diameterd ist
did not detect nonanal or 9-oxononanoic acid, which they should . -
have if they were present, and found evidence for oligomers in 1p=d747D~5x10"s (7)
their mass spectra. They did not, however, definitively identify ) .
any of the nitrate products observed here. A time series of Since this value is much smaller than the valuergd;—ro;,
infrared spectra indicated the formation of first and higher the assumption that nitrooxyalkylperoxy radicals diffuse through-
generation products containing carbonyl, carboxyl, nitro, ni- Ut the particle before reacting appears to be valid.
trooxy, and possibly nitroperoxy groups, with strong evidence ~ 'he time constant for the RO-NO, reaction can be
for a carbonyl nitrate but not a hydroxy nitrate. estimated from the equation

Time Constant Analysis and Simplified Reaction Mech-
anism. We can now present a simplified reaction mechanism
that is consistent with our results. Before doing so, however, TRoz-—Roz-(k'Roz-—Rozo[Roz']/ K'ros—noANO2lHyo) (8)
we present a simple time constant analysis of some of the
processes and reactions occurring in the system. The analysisvhere the values ofro,—ro, and [RQ?] are those calculated
supports the proposed mechanism and also allows the inclusiorabove, [NQ] is ~80 ppbv (2x 102 molecules cm?d), the rate
of useful additional details. constant ratio for the RO-RO,* and RQ*—NO» reactions is

TROs-NO, —
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calculated from the gas-phase rate const&nt®ro,—ro,/ and the particle composition and phase (liquid or solid). As the
K'roy—No, =5 x 107199 x 10712 =6 x 1074 (this should be ~ oxidation rate increases, so does the rate of formation of RO
more accurate than using the rakigo,—ro,/K'ro,—No,, Which radicals. Because the rate of RORO," reactions is propor-
mixes liquid- and gas-phase rate constants), and the dimensiontional to [RG>]?, the rates of these reactions will be enhanced
less Henry's law constarino, for dissolution of NQ in oleic with increasing oxidation rate relative to reactions of RO
acid is assumed to be unity, the value for d@®hexadecané? radicals with other species, which have a linear dependence on

This gives a value ofroy-No, ~ 0.3, which is~50 times larger [RO2]. The products of R@—RO;* reactions in liquid particles
than troy—ros. This suggests that the reaction between ni- should be carbonyls and alcohols. Reactions of*R@édicals
trooxyalkylperoxy radicals and NGs only slightly competitive by H atom abstraction from HObr organic compounds, or by
with the self-reaction, but considering the large uncertainties addition to carbor-carbon double bonds of unsaturated com-
in the assumptions (i.ek'roy—ros/K'ro,~No, IS the same for pounds, should form hydroperoxides and peroxide polymers,
gas- and liquid-phase reactiortt¢o, in hexadecanes Hyo, in respectively. The presence of unsaturated compounds enhances
oleic acid) made for this calculation, we cannot rule out the not only the addition reactions, but also H atom abstraction by
possibility that the N@reaction could be more competitive. providing weakly bound allylic H atoms. Reactions of RO

The short lifetime of R@ radicals with respect to self- radicals with NQ should form alkylperoxy nitrates, which
reactions also explains why hydroperoxides and peroxide decompose to carbonyls and nitrates, and NO reactions should
polymers are unlikely to form in these experiments. Rate form alkyl nitrates and alkoxy radlicals, with the Iattgr decpm-
constants for abstraction of an allylic H atom by Réadicals posing to carbonyls and alkyl radicals. These reactions will be
are ~2 x 10-2! cm? molecule® s 1, and rate constants for ~€nhanced in polluted regions, where NO and.¥@ncentrations

addition to carborcarbon double bonds are of a similar are higher.

magnitude’263 Multiplying this rate constant by the concentra- ~ All these reactions, with the exception of alkoxy radical
tion of pure liquid oleic acid of 1.% 10?* molecules cm3 and decomposition, add functional groups. This helps to keep the
taking the inverse yields a value ofo,—oa = 0.3 s, which is compound in the particle phase and can increase (especially
~40 times larger thamro,—roy- for hydroxyl groups) particle hygroscopicif§-?2and possibly

Simplified Reaction MechanisrA. reaction mechanism that ~ CCN activity. On the other hand, decomposition of alkoxy
is consistent with the results of this study, a number of other fadicals shortens the carbon chain, leading to more volatile
studies, and our time constant analysis is now presented. TheProducts that can evaporate from the particle. The effects of
mechanism includes only a subset of the reactions shown inSUCh réactions on particle hygroscopicity and CCN activity
Figure 1, with no new reactions. The reader is referred to the d€Pend on whether the compounds being volatilized originally
general reaction mechanism presented above for more detailehanced these properties. In addition, the reduction in particle
discussions and references on specific reactions. size from volatilization will reduce CCN activity.

The reaction of oleic acid aerosol particles with N@dicals The Vo latilization process may he enhanced. by the presence
in the presence of NON,Os, and Q is initiated by addition of a solid phase, as indicated by recent studies by Molina et

of an NG radical to the carborcarbon double bond. This al2? In their experiments, heterogeneous reactions of OH
occurs at the particle surface within the first few mélecular radicals with solid organic films initiate a series of reactions
layers. The resulting nitrooxyalkyl radical reacts exclusively with Fhat efficiently decompo_se Iarge_, saturated organic molecul_es
0O to form a nitrooxyalkylperoxy radical, which can diffuse into smaller, more volatile species. The key feature of their

throughout the particle before reacting further. Nitrooxyalky- prpposed mechanism is that the sglf—reactlon obRauicals .
Iperoxy radicals then undergo self-reactions to form hydroxy primarily forms alkoxy radicals, which decompose to volatile

nitrates B] and carbonyl nitrates4], and may also react with products such as aldehydes. This behavior differs dramatically

NO; radicals to form nitrooxy peroxynitrate®][ The latter from _that of organic liquids, in which the ROradical self-
compounds are unstable and decompose to carbonyl nitdtes [ reaction appears to form only a carbonyl aqd qlcohol. Qne
and dinitratesT]. None of these pathways form nitrooxyalkoxy p035|b_|llty, there_fore, is t_hat heterogeneous oxidation reactions
radicals, including the reaction of nitrooxyalkylperoxy radicals o;:]currlng on . ork(;:]amc su_rfalc%s moLg closel_y refsen}ble gas-
with NOj radicals, since the latter are rapidly removed at the plkase regptlcl)ns, \év ere gplc? (rjanlc 'Egl ratlosemor 240rm|ng
surface by reaction with oleic acid before they can enter the alkoxy radicals and a carbonyl and aiconot are 5
bulk. As a result, neither nonanal nor 9-oxononanoic a6jd [
6] is produced. The mechanism by which hydroxydinitrates are
produced probably involves H atom abstraction bysMadicals The results of this study indicate that the major products of
from first generation products. The substituted alkyl radicals the reaction of N@ radicals with liquid oleic acid aerosol
then _form substituted alkylperoxy radicals that undergo self- particles in the presence of NON,Os, and Q are hydroxy
reactions that add carbonyl and hydroxyl groups. Alcohols can nitrates, carbonyl nitrates, dinitrates, hydroxydinitrates, and more
further react with NOs to form more nitrated products. If  highly nitrated compounds. It is also possible that oligomers
oligomers are formed, the mechanism probably does not involve are formed. Because the parent compound is a carboxylic acid,
addition of nitrooxyalkylperoxy and/or nitrooxyalkoxy radicals  these products are all carboxylic acids. The formation of these
to the oleic acid double bond. products can be explained by a mechanism in which NO
Atmospheric Implications. The results of this study can be radicals initially add to the carbercarbon double bond,
used to gain insights into the factors affecting the atmospheric followed by & addition to form nitrooxyalkylperoxy radicals.
aging of organic aerosol particles by either )N# OH radical- These species then undergo self-reactions to form hydroxy
initiated oxidation reactions. Reactions with pl@dicals occur nitrates and carbonyl nitrates or they add N&dd decompose
primarily at night, while OH radical reactions occur predomi- to either carbonyl nitrates or dinitrates. There also appear to be
nantly during the day? The key intermediates in these reactions slower reactions initiated by abstraction of H atoms from
are alkylperoxy radicals (R£), whose fate depends on factors saturated compounds by N@adicals as well as reactions of
such as the oxidation rate, the concentrations of NO ang NO N»Os with alcohols, which form hydroxydinitrates and more

Conclusions
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highly nitrated compounds. The results are consistent with many
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