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Heterogeneous reactions of oleic acid aerosol particles with ozone are studied below 1% relative humidity.
The particles have inert polystyrene latex cores (101-nm diameter) coated by oleic acid layers of 2 to 30 nm.
The chemical content of the organic layer is monitored with increasing ozone exposure by using an aerosol
mass spectrometer. The carbon-normalized percent yields of particle-phase reaction products38% 20
9-oxononanoic acid, 13% azelaic acid, 3% nonanoic acid, and 3%0% other organic molecules
(designated as CHQ There is approximately 25% evaporation, presumably as 1-nonanal. To explain the
formation of CHG molecules and the low yields of azelaic and nonanoic acids, we suggest a chemical
mechanism in which the Criegee biradical precursors to azelaic acid and nonanoic acid are scavenged by
oleic acid to form CH®@ molecules. These chemical reactions increase the carbon-normalized oxygen content
(zIx) of the GH,0;, layer from 0.1 for unreacted oleic acid to 0.25 after high ozone exposure. Under the
assumption that oxygen content is a predictor of hygroscopicity, our results suggest an increased cloud
condensation nuclei activity of atmospherically aged organic particles that initially have alkene functionalities.

1. Introduction the products formed are uncertain, although they generally
contain additional oxygen atoms.

Atmospheric particles affect the environment in many ways.  The formation of oxygenated products during atmospheric
On the global scale, they directly and indirectly affect radiative egjgence leads to a general increase in the carbon-normalized
forcing and the hydrological cycke® On the regional scale,  oxygen content 4x) of the average chemical composition
they have a primary role in air pollution, visibility, and human ¢ 1 0, of the particle. An associated increase in particle
health® Quantifying these roles is challenging, in part because hygroscopicity and cloud condensation nuclei (CCN) effective-
atmospheric particles have a complex structure and chemicalpags is expected37 With the current state of knowledge,
composition. For example, organic coatings can form on however, many assumptions are required for the formulation
inorganic particles such as sea salt and du$tin some cases,  of kinetic models and of reaction mechanisms relevant to the
these organic coatings control particle hygroscopicity and aging of particles and the conversion from hydrophobic to
heterogeneous chemical reactivity* Widespread occurrence  hydrophilic properties. A need exists to understand and quantify
of organic and inorganic species, which are also often mutually the chemical aging processes of organic particles.
and hom_ogeneously mixed Wlthln thg same p_arﬁaéz implies _ As amodel system for complex multicomponent atmospheric
abrpad impact for the organic chemical fraction of atmospheric particles, in this paper we examine the ozone reaction with
particles'®s~26 particles having a surface layer of varying thickness of oleic

Heterogeneous oxidation reactions are an important processacid (GgHs40,). Particle oleic acid concentrations are ap-
in the aging of the organic fraction in atmospheric particles, proximately 1 ng m? in urban aerosdi® The double bond of
specifically in affecting their chemical composition and hygro- oleic acid is susceptible to attack by ozone, which is believed
scopic properties. A key unknown is an understanding of the to lead to the formation of a primary ozonide (molozonide)
chemical reactions between the organic particulate matter and(Figure 1).
atmospheric oxidants such as, ®Os, and OH2"~34 Condensed- The molozonide decomposes when a pair ef@and C-C
phase organic molecules typically react much faster than their bonds break, which allows for two alternative reaction pathways.
gas-phase counterparts: 1 in®I@llisions between ©mol- Azelaic acid (AA) and 1-nonanal (NN) are believed to form in
ecules and liquid oleic acid molecules leads to chemical reaction, pathway 1, while pathway 2 is expected to yield 9-oxononanoic
which compares to 1 in £0n the gas phas#®:3>%¢However, acid (OA) and nonanoic acid (NA). NN has a higher vapor
pressure and is expected to volatilize. Although AA, OA, and
* Author to whom correspondence should be addressed. E-mail: NA have low vapor pressures and are surmised to remain in

scoTt_martin@harvar_d.edu. Web: http://www.deas.harvard-efoértin. the particle, a summary of previous work (Table 1) shows that
*\l;'vaeri\;?m; gnlﬁ]”l'xz{ifl'}%’é a thorough analysis of the possible particle-phase products has
s Boston College. not been undertaken (i.e., the numerous “n/a” designations).
D Aerodyne Research, Inc. Furthermore, there is an absence of quantitative particle-phase
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TABLE 1: Comparison of Techniques, Oleic Acid Layer Thickness, Ozone Exposure, Water Partial Pressure, Phase Analyzed
(i.e., particle versus gas), and Products Identified for Oleic Acid Reactions with Ozore

oleic acid ozone exposure  Pu,0 phase
technique  thickness (atnrs) (Torr) studied identified products
this work AMS 2-30 nm 1x 1075 0.2 condensed OA (major)
aerosol study AA (minor)
NA (minor)
NN (not present)
other GH,O, products (major)
Morris et al?® AMS 200-600 nm 1x 10°° - condensed OA (n/a)
aerosol study AA (n/a)
NA (n/a)
NN (n/a)
Smith et al3 SMS >1um 8x 104 - condensed OA (identified)
aerosol study AA (n/a)
NA (n/a)
NN (n/a)
Moise and Rudic# GMS, IC  millimeters 107 - condensed and gas  OA (n/a)
coated wall flow tube study AA (identified, off-line)
NA (n/a)
NN (gas, 25% vyield)
Thornberry and Abbatt GMS millimeters 107 - gas NN (gas, 25% yield)

coated wall flow tube study

aThe designation “n/a” indicates that the analysis method is not performed for these chemical species. Key: AMS, aerosol mass spectrometer;
SMS, single-particle mass spectrometer; GMS, gas-phase mass spectrometry; and IC, ion chromatography of condensed-phase products. (1 atm of
O3 is 2.46 x 10" molecules cmd.)

0 of product yield on oleic acid layer thickness can identify the
‘\_\_\_\_/_/_/_/_{OH reaction pathways that occur mostly in the surface region.
Oleic acid (OL) 2. Experimental Section
Cig lo lo o An overview of the experimental setup and protocol is as
3 } +C } follows. Nonvolatile core particles of polystyrene latex (PSL)

Y

¢ ¢ are generated by using an atomizer. Following a drying stage

9 9
l l that decreases relative humidity below 1%, the particles are
o o o coated with oleic acid by passing through a heated tube having

HO/L/\/\/\)I\OH HO)J\/\/\/\/\O a linear hot-to-cool temperature gradient along its length. The

Azelaic acid (AA) 9-Oxononanoic acid (OA) layer thickness of oleic acid is variable and is adjusted by
P N NN HO\“,\/W\ controlling the concentration of the oleic acid at the entry of
1-Nonanal (NN) o cHo. the heated tube. The coated particles are then exposed to variable
Nonanoic acid NA)  (e.g., seec"”’in‘pigme 8) ozone concentrations. The loss of parent oleic acid and the

appearance of chemical products in the organic layer are

Fi%ﬁfe 1 tRiaCtiOMath(‘j’Vz)f bOf O'eLC aCIidt Wfith Oztc?”e- SQEW”_ ar:te quantified with an Aerodyne aerosol mass spectrometer (AMS).
pathways to form AA an y carboxylate formation on the rig - - IS :

side o_f the double bo_nd and to form OA and NA by car_boxyla_te f 2.1.dGbenerat|0n odeOatetq Partlcles(r?lelf SC'? partlc_:(ljeﬁ, id
formation on the left side of the double bond. Also shown is a third TOfMed Dy vapor condensation over a heated oleic acid liqui

pathway hypothesized by the results of the current work, which involves reservoir (50 to 70C), are transported at 0.1 Lpm and externally

the reaction of ozone, oleic acid, and a @oduct to form GH,O, mixed downstream with nonvolatile core particles (Figure 2).
products (see text). Key: AA, azelaic acid; NN, 1-nonanal; OA, These core particles are 101 nm polystyrene latex (PSL) (Duke
9-oxononanoic acid; NA, nonanoic acid. Scientific), which are atomized into an aerosol flow (1 Lpm).

The combined externally mixed aerosol passes through a tube
product yields in all previous studies. An important aspect of fyrace having a linear hot-to-cool temperature gradient (78 to
our current work is the capability to directly identify and 25°C): the oleic acid particles vaporize in the hot region, and
quantify the condensed-phase products of the in situ aerosol.the vapor subsequently condenses in the cool region onto the

We determine the chemical composition of the particles and surfaces of the PSL particlé$Internally mixed coated patrticles
the product yields after ozone exposure by using an Aerodyne result. The temperature of the reservoir, the gradient of the oven,
aerosol mass spectrometer (AMS). In addition to pathways 1 and the adjustable flow are the levers controlling the layer
and 2 (Figure 1), we find that other organic molecules form, thickness of oleic acid. Using this apparatus, 101 nm PSL
indicating complex reaction pathways possibly mediated by particles coated with oleic acid layers varying from 2 to 30 nm
Criegee biradicald>333%Another important aspect of the current  are generated in a reproducible and controlled manner in number
study is that we probe the formation of products in the particles concentrations of FOparticles cm?. (In the experiments for
as a function of the layer thickness from 2 to 30 nm. To carry thicker layer thickness, a second mode near 60-nm diameter is
out this work, we develop a vaporization-condensation method also observed, presumably arising from homogeneous nucleation
for generating an inert polystyrene latex particle core (101-nm of oleic acid. The relative contribution to total aerosol oleic
diameter) coated with oleic acid layers of variable thickness (2 acid mass, however, is approximately 5%. This homogeneous
to 30 nm). An important conclusion from previous studies is mode is omitted in our data analysis.)
that the diffuso-reactive length of ;0n oleic acid is ap- A scanning mobility particle sizer (SMPS) with isokinetic
proximately 10 nn?2-33:3%Qur hypothesis is that a dependence sampling is employed to measure the number size distribution
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of PSL particles prior to atomization (i.e., in the aqueous PSL
suspension in the reservoir) and dried nonvolatile inorganic
impurities initially present in the water. An example of
coagulation is apparent in the second mode centered at 143 nm
for the PSL particles (Figure 3).

Complementary to the mobility diameter measured by the
SMPS, the AMS measures the particle aerodynamic diameter.
Whereas the mobility diameter decreases (Figure 3), the
aerodynamic diameter increases (not shown) after reaction with
ozone. Morris et at? and Smith et a¥ report that aerodynamic
diameter increases upon ozone exposure, whereas Broekhuizen
et al*! report a decrease in mobility diameter similar to our
observations. For spherical particles, a decrease in mobility
diameter coupled to an increase in aerodynamic diameter implies
that particle mass density increases. Oxygenated products of
oleic acid are expected to increase density. A fuller report on
this topic is forthcoming from us.

2.2. Chemical Composition of the Organic LayerThe mass
loading of particle-phase oleic acid and its oxidation products
is obtained with use of an aerosol mass spectrometer (AfI1S).

The AMS is composed of three main sections: (1) particle
sampling into high vacuum (18 Torr) through a critical orifice,
(2) aerodynamic sizing via particle time-of-flight (TOF) mea-
Figure 2. Top: Experimental apparatus for particle generation, coating, surement, and (3) particle analysis with mass spectrometry (MS).
processing, and analysis. Bottom: Coating process inside the tube For the MS analysis, the particle beam is directed onto a
furnace followed by reaction with ozone. Key: AMS, aerosol mass |qgisiively heated hotplate (ca. 350), where the volatile and
spectrometer; SMPS, scanning mobility particle sizer. . . . . .
semivolatile constituents of the particle flash vaporize upon
80 impact. The volatilized molecules are ionized by electron impact
at 70 eV, and the positive ions of the fragments pass through a
guadrupole mass filter and are detected as a current at the
electron multiplier. The detection process has sufficient mass
sensitivity and time response to detect single particle vaporiza-
tion events for a fixedn/z value. The AMS, therefore, provides
primary measurements of particle number size distribution
(number of particles cr#-air/d log Dp) and mass loading at a
specificm/z value g m~3/d log Dy) for any particle yielding
a positive ion fragment at the tunedz value. (The connection
between the electron multiplier current and the mass loading is
discussed in section 2.4.) Given an aerosol input of constant
composition, as is true for our laboratory studies, riiievalue
can be scanned to provide size-resolved mass spectra of the
particle ensemble. For our experimental conditions (iQticle
cm=3, 0.1 Lpm sampling, 75% transmission efficiency, and 300
ms vz dwell time), each mass loading at specifitz value is
an average of approximately 300 individual particles.

In the current paper, MS results are integrated across the
Figure 3. SMPS number size distribution measurements of uncoated aerosol size distribution, and the size-resolved capability is not
polystyrene (PSL) particles, particles coated by oleic acid (20 nm), fully exploited. (The measurement of the particle aerodynamic
and particles coated by oleic acid and products after 1.1 normalized gigmeter is employed to determine that the density of a reacted
0zone exposure. The original layer thickness of 20 nm decreases to 15partic|e increases.) The analytical capability of the AMS is
nm following ozone exposure. . -

employed to measure the loss of oleic acid and the appearance
of coated PSL particles. At low PSL concentrations, the of oxidation products occurring with ozone exposure. Although
distribution is symmetric and is limited by the DMA transfer the SMPS measurements show 2-, 4-, 6-, and 8-nm coatings,
function3® Examples of uncoated PSL particles and PSL only the 8 nm and thicker coatings have sufficient mass for
particles having a 20 nm oleic acid coating are shown in Figure detection by the AMS when operated in its size-resolving mode.
3. The increase of the particle mobility diameter beyond that For thinner coatings, we leave open the AMS chopper for 100%
of the PSL core (101 nm) is twice the oleic acid layer thickness, duty cycle. With this approach, we obtain the mass spectrum
assuming a uniform coating on spherical particles. The original Without a particle sizing capability.
layer thickness of 20 nm decreases to 15 nm following ozone 2.3. Ozone Flow Tubes StudiesOzone reaction with oleic
exposure (Figure 3). acid is studied by coupling an aerosol flow reactds if. i.d.,

At the high PSL concentrations necessary for sufficient mass 85 cm length) to the SMPS/AMS system. At the exit of the
loading in the AMS analysis, PSL coagulation occurs in some tube furnace (Figure 2), the coated particles are exposed to
of our experiments. Larger particles apparent in these distribu- ozone, which is produced by a 254-nm UV source and oxygen
tions arise from a combination of factors, including coagulation using a Jelight Model 600 ozone generator. The ozone exposure
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TABLE 2: Selected Values of the Normalized

Fragmentation Pattern (f; ) Measured with the AMS,

Where i is the m/z Value and  is a Specific Chemical Species
(e.g., oleic acid)

and depends on the amount of the organic molecule present.
We obtain thea ! values by a linear combination analysis of
the recorded spectrum, using the fragmentation patterns as the
basis set. The governingequations requiring simultaneous

m’z oL OA AA NA ~ NN®  CHO solution are as follows:

44 0.006 0.035 0.008 0.002 0.072 0.02

142 0.0002 0.001 0.0008 (ljf- j

144 0.0002 0.0003 0.002 — : 1)
152 0.002 0.025 i

155  0.0009  0.002 0.03 T RIE

158  0.0001 0.001 0.0004 , , ,

221 0.001 0.002 In matrix form, [m] = [f][A], where ] is a column matrix of
265 0.001 0.001 i rows, [f] is the fragmentation pattern matrix offows andj
282 0.0004 columns, andf] is the column matrix of unknown chemical
RIE 1.4 1.4 1.4 1.4 1.4 1.4 mass loadings havingrows (i.e.,j products). Elements of5]
MW 282 172 188 158 142 seetext  aref’ = o J/RIEI. Once the system of equations is solved for
n 18 9 9 9 9 see text

the o.i values, the total mass loading of each prod@t, (ug
m=3) is given byCl = yimJ = o if;l.

The percent yield YJ) of each condensed-phase product
relative to the initial oleic acid concentration is determined on
a carbon number basis, as follows:

aSee further discussion in text. Also given are relative ionization
efficiency (RIE) compared to nitrate, molecular weight (MW), and
number of carbon atoms), Key: OL, oleic acid; OA, 9-oxononanoic
acid; AA, azelaic acid; NA, nonanoic acid; NN, 1-nonanal; and the
products CH®. ® NIST gas-phase fragmentation pattern given for NN
(see text).
(atm.sec) is adjusted by varying the ozone concentration from (2)
1 to 30 ppmV while the interaction time is constant at 3 s.
Reaction conditions are 298 K, 1 atm ob,Nand under 1%

relative humidity. Ozone concentration is measured by light

extinction at 254 nm, using a Hg line lamp and a photodiode . ) " )
¢is the oleic acid mass loading at zero ozone exposure. The

detector along a 1-cm path. An absorption cross-section o

wheren! is the number of carbon atoms in the moleguiy |
is the molecular weight of molecuje(see Table 2), an@€°"

percent evaporatior¥g) of the particle is given a¥e = 100 —

1.15 x 10717 cn? molecule® is employed. Ozone is injected
at a variable concentration, and the changes in particle reaction iyl
products are determined by AMS analysis.

2.4. Analysis Methods for Quantification of the Products
Ozone reactions modify the particle-phase chemical composition 3.1. Control Experiments The following control experi-
and hence the aerosol mass spectrum. To identify and quantifyments set the framework for the interpretation of our data. No
the molecules present, we deconvolute the mass spectrum usingrganic material is detected by the AMS for PSL particles alone;
the principles of linear analysis, as explained in detail below. PSL particles (gHgs), do not vaporize until an AMS heater

The electron multiplier current of the AMS at eat¥z value temperature of 850C, which is 500°C above our normal
is a direct measure of the number of ions. The two key operative operating conditions. Similarly, no organic material is detected
physical principles for mass determination are (1) that the when PSL particles alone are exposed to ozone. When oleic
number of ions generated by electron impact through a thin pathacid is included in the experiments, only its mass spectrum is
is proportional to the number of electrons in a bolus of a material observed until ozone is added. The oleic acid fragmentation
(i.e., a particle) and (2) that the number of electrons is patterns obtained for pure OL particles versus OL-coated PSL
proportional to the mass of the bolus. The first proportionality particles are the same, from which we conclude that the
constant is the ionization cross section, while the second is morphology of the studied particles does not affect the mass
determined by the approximate 1 electron to 1 proton to 1 spectra. For particles coated by oleic acid and reacted with
neutron relationship among light elements. On the basis of theseozone, the total organic mass detected is independent of the
principles, the AMS software employs the ionization efficiency heater temperature for 150 to 600, which indicates that we
(IE) of nitrate, which is obtained in a daily calibration procedure quantitatively vaporize all semivolatile organics in the reacted
with a test ammonium nitrate aerosol having a measured massouter layer of the particles. Another possible complication ruled
of nitrate, to convert the current at the electron multiplier into out is that reacted organic material could over time condense
the nitrate equivalent massy( #g-NOs; m~3) at eachmvz value on the inner walls of the tube furnace when cooled. When next
(i). (For this approach to be accurate, the values of all ions heated, these products could volatilize and complicate our
generated from the bolus of material must be scanned.nThe product analysis. However, heating the tube furnace after several
values are shown as theaxes of Figures 4, 5, and 7. They weeks of experiments shows neither organic material in the
must be corrected by the ionization efficiency of each organic AMS nor particles in the SMPS, both in the presence and
molecule relative to nitrate (RIEno units) (Table 2) to obtain  absence of ozone.
the organic molecule mass loadings i ug-organic nv3), 3.2. Aerosol Mass Spectrometry of Authentic Standards.
wherej is a specific chemical species (vize OL, OA, AA, The sources of our authentic standards are as follows: OL (CAS
NA, NN, and CHQ@). The RIE! values OL, OA, AA, and NA 112-80-1, NIST MS No. 228066, above 99% purity, Aldrich),
are determined from pure compourfdgProducts CH® are AA (CAS 123-99-9, NIST MS No. 113078, 99% purity,
discussed in detail later.) The recorded mass at edzkalue Aldrich), OA (NIST MS No. 144254, 98%, Larodan), NA (CAS
is given bym = Yj(mI/RIEJ). 112-05-0, NIST MS No. 227949, 98% purity, Aldrich), and NN

Each organic molecule has a specific fragmentation pattern (CAS 124-19-6, NIST MS No. 232162, 98% purity, Aldrich).
fil (ug-organic nT3), normalized such that % 3; f;i. We have The particle-phase MS fragmentation patterns (Figure 4) of the
mi = oifii, wherea | is a must-be-determined scaling factor authentic standards of OL, AA, OA, and NA compare well with

3. Results and Discussion
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Figure 5. (a) Mass spectrum of pure oleic acid particles. (b) Mass
spectrum after ozone exposure of 19805 atns. (c) Mass spectrum
after ozone exposure of 6.8 10°° atmrs. Identified peaks are 152

m/z (Daltons)
Figure 4. Reference mass spectra for OL, AA, OA, and NA. The
principal peaks for the chemical species are 282 amu for OL, 152 amu amu for AA, 144 amu for OA. 155 amu for CHOand 282 amu for

for AA, 144 amu for OA, and 158 amu fo_r NA. _See_ also Table 2. OL. The numbers next to each label are yFexis values at the specific
the gas-phase MS patterns of the national institute and technol-wyz value. Conditions: 11 nm coating on PSL core.

ogy issues (NIST) library (not shown), although there is some
variation in the relative intensities of the peaks, which could increasing ozone exposure, OA, AA, and NA form (Figure 6b,c).
be explained by differing ionization settings and mass filters The rapid initial formation of the products OA, AA, and NA
(i.e., quadrupole versus magnetic sector) of the AMS and the parallels the loss of the OL parent compound (Figure 6a). The
NIST procedure4 Table 2 summarizes the observed fragmen- product yields shown in Figure 6¢ are 35% for OA, 3% for
tation patterns at importamt/z values. The relative intensities  AA, and 1% for NA after 1.0 normalized ozone exposure.
of fragmentation patterns in the AMS analysis are reproducible Although the run-to-run variability of an individualvz value
within 5%. is 5%, we can nevertheless reproducibly observe AA and NA
Aerosol is obtained for AMS analysis by atomizing the in yields of 1% to 3% by using the information content of the
authentic standards individually in methanol; whether atomized entire mass spectrum in conjunction with the pattern analysis
or obtained by vapor condensation, the OL mass spectrum ismethods implied in eq 1 (i.e., pseudoinverse matrix to obtain
similar. NN also prepared in methanol does not yield an aerosol the matrix of chemical mass loading3.
mass spectrum, presumably due to its high volatility. The NIST ~ During ozone exposure, the particles evaporate by up to 30%
database provides the gas-phase NN fragmentation pattern. Oy carbon number as determined by our analysis of the mass
the basis of this fragmentation pattern, NN is never detected spectra. This result is consistent with the decrease in measured
by us when oleic acid is exposed to ozone, w?N = 0. particle mobility diameter (Figure 3). If NN is assumed to be
3.3. Reaction Pathways upon Ozone Exposurdn the the volatile product, then evaporation of 25% by carbon number
following sections, we discuss the formation of OA, AA, NA, is expected based upon NN gas-phase product yields reported
and CHG products (sectioB.3.1and sectior8.3.9, the effects in the literature?-3°

of layer thickness on those products (sect®B.3, and the Our results show that AA and NA are minor products. The
increase in chemical oxygen content with increasing ozone OA:AA and OA:NA relative yields at 1.0 normalized ozone
exposure (sectioB.3.4. exposure range from 9 to 18 for the 2 to 30 nm coating thickness

3.3.1. OA, AA, and NA Productdn example of raw data  studied. This result can be compared to the 1:1 product ratios
demonstrating the disappearance of parent OL and the appearexpected for the gas-phase reactions of ozone with oleic*acid.
ance of OA, AA, and NA products upon ozone exposure is  Our results for the oxidation reaction of condensed-phase oleic
shown in Figure 5. The oleic acid peak (282 amu) decreasesacid by ozone can be compared to those reported in the literature
steadily from pane to panelc in Figure 5 as ozone exposure (Table 1). Morris et af? do not clearly identify products. Moise
increases from 0 to 6.& 10°° atmrs. Product peaks for OA  and RudicB® in an ex situ chromatographic analysis identify
(144 amu), AA (152 amu), and NA (158 amu) concomitantly AA as a condensed-phase reaction product and NN as a volatile
increase, although to observe these results the raw data in Figur@eaction product. Moise and Rudido not analyze for OA.

5 must be corrected for remaining oleic acid as by eq 1. NN Smith et aP?® report a major product, which is tentatively
(142 amu) is not detected, possibly due to its volatility. Moise assigned as OA, as well as a small amount of NN. They employ
and RudicB® and Thornberry and Abb&gidentify NN as a particles several times larger than ours, which may explain why
major volatile reaction product. NN does not fully volatilize. Thornberry and Abb®&tdentify

The loss of parent compound and the appearance of productd\N as a volatile reaction product. The results of Morris el.,
with increasing ozone exposure are shown in Figure 6. The Moise and RudicR? Smith et al 33 and Thornberry and Abb&t
percent of oleic acid reacted increases steadily with increasingare consistent with our observations.
ozone exposure (Figure 6a). We define 95% loss as 1.0 3.3.2. Other GH,O, Products After accounting for OL, OA,
normalized exposure. The normalization is useful for comparison AA, NN, and NA fragments, a residual mass spectrum remains.
of results among different layer thickness (e.g., Figure 9). Important marker peaks occur at 155, 221, and 265 amu (Figure

Identification and quantification of the condensed-phase 7). The intensities of these peaks increase linearly with ozone
products of the in situ aerosol shows that as OL decreases withexposure.
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To establish the minimum number of major components
- . . ; - 100 necessary to explain our data in the reacted particles, we select
0.0 0?\] L0 LS 20 16 mass spectra for products having normalized ozone exposure
ormalized Ozone Exposure . .
greater than 1.0 and 16 mass spectra for unreacted oleic acid.
- We obtain three singular values above the noise threshold, which
‘I) 5|0 1|oo 1|5° 200 250|X10 we believe correspond to OL, OA, and CiOn addition to
1004 cro these major products, the singular value analysis does not rule
30 nm coating out additional minor products below the noise threshold. As
discussed below, we believe AA and NA occur as minor
products.

To explore the physical basis of the singular value compo-
nents, we first try to obtaing] by using [5] = [f]~Y[m] for [f]
constituted by the authentic standards OL, OA, AA, and NA.
The results show significant contributions by OL and OA;
however, the residuals obtained are not satisfactory and there

Ozone Exposure (atm-sec)

40+ T 60

Percent Yield (Particle Phase) ()j )
(3 '£) uonerodeaq 1u010J
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204 — 80 are negative concentrations for AA. We conclude that there must
be one or more unidentified chemical species present. When
0 N B 100 taken together, these species constitute the €g@up of

molecules.
To isolate the mass spectra of CHQve selectn/z values

Figure 6. (a) Percent reacted oleic acid (160 Y°.; eq 2) with unique to the known species and assume that the{Gii@lucts
increasing ozone exposure. We define 95% loss as 1.0 normalizeddo not contribute significantly at these select@tz values.
exposure in part andc. The normalization is useful for comparison  gpecifically, we subtract the pure OL standard from all the
of rl‘és(:’('ﬁs ?mog? dfifferegt 'ay%r tT]iCk”ess ée'gt'* Ei&”gg)' (bc)j ';ﬁge”t recorded mass spectra using the 282 peak as the proportionality
yie of eq 2) of condensed-phase products an : X

left-hand axis) for particles initially having 8 nm OL coatings with factor. From these residuals, we then subtract OA using the 144
increasing 0zone exposure. Also shown is the percent change in particleP€ak, followed by AA using the 152 peak, followed by NA
mass ) (Yg, right-hand axis), which arises from the evaporation of Using the 158 peak. The resulting set of residuals is shown by
volatile products. (c) Same as phréxcept for 30 nm coating thickness.  singular value decomposition to have three singular values above
Key: () AA, (@) OA, (v) NA, (a) CHOr. Lines are drawn in the  the noise threshold of 0.04. We conclude GH® composed
figures to aid the eye and do not represent a model fit. (The AA and ¢ 4t |east three molecules CHQCHO,, and CHQ. Our efforts

NA data points overlap and are nearly indistinguishable.) to deconvolute the CHEspectrum (Figure 7) into CHOCHO,

3.3.2.1 Multbariate Analysis.We employ singular value ~@nd CHQ component spectra yield nonunique results. We
decomposition to explore the variability in the set of mass believe additional experiments are necessary to better identify
spectral data from O to 2 normalized ozone exposure for 8- to CHO, CHO,, and CHQ.
30-nm coatings. Using 50 mass spectra for pure oleic acid, we 3.3.2.2. Percent YieldThe uncertainties in the chemical
establish a variance threshold of 0.89 (i.e., the first singular value structures of the CHpcomponents, especially their oxidation
divided by the sum of all singular values). The remaining 0.11 states, provide a challenge for estimating their percent yields.
variance diagnoses the reproducibility of our experiment. The To approach this problem, we assume an OL molecule combines
noise threshold is 0.04, which is the second singular value for With one of the G radical intermediates. With this assumption,
pure oleic acid. This result is consistent with our direct we obtainn®Hr = 27 and 472< My " < 518. We can then
observations that the relative intensities making up the frag- use eq 2 to calculate percent yleld As shown in eq 2, the ratio
mentation pattern of oleic acid are reproducible within 5%. nCHOT/M\%,HOT is the critical value, rather than our absolute
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assumptions of n"®H°r and N@HOT. We have 0.62 < Although we do not rule out the formation of secondary

12nCHOyMGHOT < 0.68, which reflects the uncertainty in the 0zonides by the reaction of the aldehyde products with Criegee
oxidation state of the residual organic component. We also biradicals, we do not need to invoke this explanation for our
assume RIEHOr = 1.4, The uncertainty bars in Figures 6b,c data set. Secondary ozonide formation by the reaction of the
and 9 reflect this analysis. Panélsndc in Figure 6 show that ~ Criegee biradical with the €0 groups of NN and OA would

as OL decreases with increasing ozone exposure, {Jbi@hs be inconsistent with the reported 25% yield of 1-non&hahis
as a major product comparable with OA. CiH@as a higher reasoning suggests that Criegee biradicals preferentially react
percent yield for thinner rather than thicker coatings. with the double bond of OL despite the initial proximity of the
3.3.2.3. Proposed Mechanisiny proposed mechanism is  C=O groups of NN and OA in a cage prior to diffusion away
constrained by the following observations: from the Criegee biradicals.
1. Work by Moise and Rudid and Thornberry and Abb&t The observations also allow several other gas-phase pathways
shows that the only volatile product formed is NN. Its yield is to be ruled out in the condensed phase. A unimolecular
25%. Pointedly, Cg(g) is not observed. decomposition pathway of the Criegee biradical in the gas phase

2. We find OA is the major identified condensed-phase IS COO to OCO isomerization followed by release of £O
product. Its yield is above 25%. The NN yield accounts for which in the case of OL ozonolysis would lead to the formation
25% yield of OL; the additional OA yield requires that OA be Of octane instead of NA and octanoic acid instead of #n
formed by additional pathways. contrast, observations of the gas-phase products show neither

3. AA and NA form as minor products below 3% yield. The octane nor C@%* The absence of this pathway further
similarities among the chemical structures of OA, AA, and NA SUPpOrts our hypothesized mechanism that the Criegee biradicals
indicate similar chemical reactivities in regard to possible further réact sufficiently rapidly with OL such that the gas-phase
reactions with ozone or Criegee biradicals. To reconcile this réaction pathways are at most minor pathways in the condensed
similar reactivity with the observations of high OA yield and Phase.
low AA and NA yields, we infer that AA and NA must never After 1.0 normalized ozone exposure, the mass spectrum of
form in great yield. Their precursor species must be scavenged.CHOr continues to change (not shown). We probe the change

4. Additional CHG products form at yields above 25%. The at155amu for normalized ozone exposure up to 3.0 and observe
mass spectrum of the CH@omponent (Figure 7) shows that @ continuous increase of the signal. This observation suggests
these molecules have fragments at high amu values (greater thathat new reaction pathways open when the supply of OL double
200 amu). They therefore contain carbon chains longer than C bonds is depleted. Possible reactions at this point could include
(i.e., the products of pathways 1 and 2 shown in Figure 1). secondary ozonides, although any OA decrease is not detectable

The mechanism we propose below is consistent with these Within our uncertainty limits (Figure 6). Alternatively,s@ould
four observations. react directly with the carboxylic acid grouffsContinued direct

The formation of CH® molecules is hypothesized by us to  "eactions of CH@ products with Q are thus hypothesized by
involve reactions of the Criegee biradical in the condensed US as sufficient to continue to process the particles and to alter
phase. The initial products of 0zone attack on OL are a Criegeeth® mMass spectrum of CHOThe report by Ziemarffi of
biradical and an aldehyd.In the gas phase, the biradical NuUmerous oxygenated organic molecular products including
decomposes into a suite of chemical species, such as RcoPeroxides for the reaction of OL with{ds consistent with our
RCOOH, CQ, CO, HO, and OH546 In solvents, however, ~ observations.
the highly energetic Criegee biradical may become stabilized, 3.3.3. Effect of Layer ThicknesBhe reacto-diffusive length
in which case the decomposition pathways analogous to gas-Of 0zone in oleic acid is reported ag%,> and 20 nn3 Hence,
phase reactions are less important. varying the coating thickness of oleic acid layers from 2 to 30

For the reaction mechanism in the condensed phase, wenm allows us to probe the transition between reactions that occur

propose that ozone adds across the double bond of oleic acidMainly in the surface region versus those that occur predomi-
The molozonide then decomposes by 50:50 channels to formnantly in the bulk volume. The overall uptake coefficigrtan

the radical Species shown in Figure 8. The key point in our be partltloned into contributions from Uptake due to reaction at
proposed mechanism is that the resulting Criegee biradicals addhe surface I(sur) versus in the bulkKpui)-** A future report

to the oleic acid double bond as a major pathway to forn C  from us will provide kinetic results (e.g., Figure 6a) for the
molecules. Rearrangements to AA and NA are minor path- dependence of on layer thickness and hence the partitioning
ways: this condensed-phase behavior contrasts to gas-phasBo I'suf andIpui.

reactions because the high density of double bonds in condensed- In addition to the different possible rates for the surface versus
phase oleic acid intercepts the Criegee biradicals before bulk reaction channels, it is further possible that the relative
significant AA and NA can form. Cleavage of the five- Yyield of products is influenced by surface versus bulk chemical
membered-ring peroxide in the;fdnolecule can lead to many  environments. As a limiting example to make this point, consider
compounds, including ketones, alkenes, and carboxylic acidsthat product A forms only in the bulk chemical environment
(Figure 8). The symmetry of OL leads to the result that the whereas product B forms only in a surface region of fixed depth.
Criegee biradical precursor to AA can instead add to OL, form In the case ba 2 nmlayer thicknessa 5 nmassumed surface

a peroxide, cleave, and yield OA. As such, the OA yield can region, and a 10 nm assumed reacto-diffusive length, the yields
exceed 25%, which could explain the OA vyields observed in of product A and B would be 0% and 100%, respectively.
Figure 6. Similarly, the precursor to NA can form-@roducts Increasing the layer thickness to 10 nm would increase the yield
(Figure 8), which may be stable or decompose to many possibleof A and decrease that of B. Increasing the layer thickness
products, including NN. This NN-formation pathway, however, beyond 10 nm would continue to produce a mix of A and B,
may not be favorable because there is some evidence againsapproaching some limiting ratio as determined by the diffusion
it: gas-phase studies show only a 25% NN yield, which can be of oleic acid from the deep interior of particle into the reaction
fully accounted for by direct decomposition of the primary zone (of depth equal to the reacto-diffusive length), which is
ozonide (Figure 8). subdivided into surface and bulk chemical environments. This
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Figure 8. Proposed condensed-phase reaction pathways. The Criegee biradical reacts with oleic acid.

example assumes that the reacto-diffusive length is invariantwheren!, is the number of oxygen atoms in the molecjile
with regard to the extent of reaction and that the reacto-diffusive The numerator of eq 3 is the total moles of oxygen. The
length is greater than the depth of the surface region. denominator of eq 3 is the total moles of carbon. The ratio

The effect of layer thickness on percent yield of condensed- js anticipated to correlate positively with the hygroscopicity and
phase products is shown in Figure 9 for 1.0 normalized ozone {he density of the overall particle chemistry.
exposure. CH@and OA percent yields appear to decrease and - g ¢4rp0n_normalized oxygen contenfx) in the average
increase respectively with greater layer thickness, suggesting hemical ition &40, of th ticle | ith
that a surface reaction for CHGQormation occurs at greater chemical composition b4/, of The partcie Increases wi

. ; ; ... higher ozone exposure (Figure 10). £kisz/x = 0.0 while
yield than its bulk counterpart and vice versa for OA. Within haszx — 2. T Fi 10 | 3%
the uncertainty bars, no trend can be discerned for the AA and CO.Z aszx = <. 10 prepare Figure 19, we employ €q 5 for
NA percent yields for layer thickness varying from 2 to 30 nm. which limiting assumptions on the molecular_structures of gHO

3.3.4. Particle Oxygen ConteWhen ozone reacts with oleic &€ necessary. AiHccj)Lscussed above for Figure 6b,c, we have
acid, there is an increase in the carbon-normalized oxygen0.62 < 12n°HO/M™ < 0.68. We further employ 0.1k
content ¢/x) in the average chemical compositiogH;O, of 16ncc>for/|\/|\?vHoT < 0.20 for 3.5< nSXHOT < 6.5, which is based

on our description that onez@nolecule adds to oleic acid to

the layer. We use the definition
_ o yield Cy7 structures via the mechanisms depicted in Figure 8.
zj(n'O/M w)C’ Namely, these structures have either 4 (NA precursor radical
== 3) pathway) or 6 (AA precursor radical pathway) oxygen atoms
Z j(n 'M))C’ for 27 carbon atoms. An assumption of these structures restricts

(@/x)



6694 J. Phys. Chem. A, Vol. 108, No. 32, 2004 Katrib et al.

1004 -0 4. Conclusions and Atmospheric Implications

1.0 normalized O3 exposure

In this paper the reaction products and mechanisms of ozone
with multicomponent aerosol particles are studied with oleic
acid coated particles as a model system. The results of our study
have several atmospheric implications:

1. In our proposed mechanism (Figure 8), condensed-phase
ozonolysis leads to radical coupling reactions. Specifically, these
products are proposed to form by the reactions of Criegee
intermediates with alkenes present in the particles. We speculate
that long-chain multifunctional organic molecules result and that
- 80 these high molecular weight products have low vapor pressures
and therefore remain in the condensed phase. Although the
formation of high molecular weight compounds such as humic

T T T T acid$? has been suggested for reactions of organic molecules
5 10 5 20 25 30 in acidic mediun®? our suggestion of these molecules in the
Layer Thickness (nm) ozonolysis reactions of organic aerosol particles is new.
Figure 9. Effect of layer thickness on percent yield(of eq 2) of 2. The organic molecules formed by the reactions of oleic

;f[’ngrr‘]so‘i‘rﬁgﬁ‘:‘:g g’zrgggcéiéop‘grgp"& Ig‘(ﬁéﬁgxrﬁ?ﬁfgr;)aer;ge?]’t(i?hangeacid and ozone are more oxygenated than the parent molecule
in particle mass @) (Ye, right-hand axis), which arises from the (i.e., @X) increases). The oxygen-enriched organic molecules

evaporation of volatile products. Keymj AA, (@) OA, (¥) NA, (a) are expected to have small contact angles with wat&r>*As
CHO-. Lines are drawn in the figures to aid the eye and do not represent & result, the reacted particles may act as improved CCN
a model fit. (The AA and NA data points overlap and are nearly compared to the unreacted hydrophobic partie}ehe forma-
indistinguishable.) tion of water-soluble molecules such as carboxylic acids may
further enhance the hygroscopicity and hence the CCN activity
of the reacted particles. The high molecular weight molecules
may also be surface active and thus may lower the surface

{ tension of partially activated droplets, thus possibly altering the
Kohler curve growth properties of the reacted partiéfes.

} 3. This study demonstrates that relative product yields depend
0307 0.10 { { on whether the reactions occur in the surface or bulk regi

‘ ‘ gions
100mi',5/2 b of the particle. By extension, we suggest that the reaction
0.25 7 } products of thin coatings, such as those encapsulating dust
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particles, may differ from the products formed inside particles
having a high fraction of organic matter.
4. This study finds that ozonolysis reactions lead to the
formation of volatile products, which are readily released to
E { the gas phase. The ozonolysis reactions studied here lead to
1 I } 25% mass loss. The particle mass loss is accompanied by
0.10-m unequal changes in the mobility and aerodynamic diameters of
00 02 W 06 08 o the particle, which implies that the density of the reacted
Normalized Ozone Exposure particles also changes, apparently due to the addition of oxygen.
Figure 10. Effect of normalized ozone exposure on carbon-normalized 1€ heterogeneous chemistry of organic molecules in atmo-
oxygen contentZX) in the average &,0, chemical composition of spheric aerosol pamC'?S IS cqmplex. Qondensed- and gas-phase
the layer for 8 M) and 30 nm 4) coatings. Shown are the central products and mechanisms differ. Inside the condensed phase,
values with uncertainty estimates showing minimum and maximum surface and bulk regions have differing chemical reactivities.
values assuming specific limiting molecular structures discussed in the oy results thus show that the reaction products and mechanisms
text. Inset: ¢/) versus 106u4/3,C for 30 nm coating (see text). of organic molecules with ozone may depend not only on the

. . . : chemical composition of the molecules but also on their physical
thex-axis range of Figure 10 to an upper limit of approximately  giate and geometrical configuration. Further studies with mul-

1.0 normalized ozone exposure pecause the calculation assUM&Romponent aerosol particles with varying relativity humidity
only one net @molecule present in the proposegyStructures. 516 \warranted to further elucidate this complex problem.
Other structures having additional net €@ntent are suggested
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