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The heterogeneous reaction between ozone and oleic and linoleic acids, prevalent components of both marine
and urban organic aerosol, were studied in a flow reactor using electron impact and chemical ionization mass
spectrometry. Liquids and frozen liquids were used as proxies for atmospheric aerosol. The reactive uptake
coefficients,y, were determined to be (8:80.2) x 10~*and (1.2+ 0.2) x 1072 for liquid oleic and linoleic

acid respectively and (52 0.1) x 10 and (1.44 0.1) x 10 *for frozen oleic and linoleic acid, respectively.
Although, the reacto-diffusive length is estimated to be rather small in the liquid experimsekishm, a

clear indication of the participation of subsurface layers in the uptake is observed. This is in contrast to
uptake by the frozen acids where the reaction is limited to the surface. Aldehydes were identified as the
major volatile reaction products: 1-nonanal was detected following reaction with oleic acid, 2-nonenal,
4-nonenal, and 1-hexanal were detected following reaction with linoleic acid. The aldehyde yield, defined as
the amount of the volatile product released relative to the 0zone consumed, is dictated by its solubility in the
liquid and frozen liquid acids. Azelaic acid was identified as a liquid-phase reaction product following the
reaction with oleic acid. The implications regarding the atmospheric aging of aerosols with a fatty acid
component are discussed.

Introduction This study provides complementary information regarding the
) ) ) ozone-oleic acid interaction. We focus on the reaction of ozone
‘The way that tropospheric aerosols modify regional and global yith unsaturated organic fatty acids, a significant component
climate, via direct and indirect radiative effects and also via of zirborne organic aerosol matfér® using liquid and frozen
their influence on the Earth’s hydrological cycle, has been the jiquid substrates as proxies for atmospheric organic aerosols.
focus of many recent studi€s following the recognition that  The yse of the liquid and frozen phases enables to differentiate
aerosols play a dominant role in climate determining processes.petween the bulk and surface contributions to the measured
Field measurements have shown aerosol-associated organi¢eactivity of the organics toward ozone. This study yields the
matter to be ubiquitous in the atmospltePand often associated  reactive uptake coefficient, and monitors the volatile and some
with inorganic aerosol®13 cloud droplet§*!> and cloud of the liquid-phase reaction products. We examine the reaction
condensation nucléf!” The need to understand and quantify of ozone with an unsaturated acid, oleig4d:40), and an acid
the way by which the organic component of aerosols affects with two unsaturated bonds, linoleic {§13,0), to determine
the aerosols’ properties has led to a present-day focus onthe effect of multiple reactive sites on the reactive uptake
observations and measurements of organic aerosols in fieldprobability and on the products.
measurement$ 2% and on laboratory studies to understand their ~ Much of the fatty acid load in marine aerosols is of oceanic
formation mechanism$ 2* and chemical and physical prop-  origin4! Unsaturated fatty acids are major lipid compounds in
erties?4-26 Studies demonstrating the modification of the organic the marine micro-algae and are enriched in the microlayers of
aerosols properties as they undergo heterogeneous reactions igea-surface® They are injected into the atmosphere by a bubble
the troposphere have established the importance not only ofpursting process driven by windsThe long chain hydrophobic
freshly formed aerosol particles, but also, and even more so,organics remain adsorbed on aqueous atmospheric aerosols via
that of aged particle¥2° their polar functional group, to form a surfactant coating over
Laboratory studies on the reactivity of tropospheric oxidants the surface of the aerost#® Specifically, long chain mono-
with various model systems for organic aerosols; organic liquids, carboxylic acids (&—Cig) have been identified over the marine
interfacial liquids, coatings and monolayers, have contributed atmospher&42 and acids of &, Ci4, Ci6 and Gg have been
both kinetic and mechanistic information regarding the hetero- shown to be the predominant lipids in Antarctic summer
geneous chemistry of atmospheric organic aerc3afs3e-34 aerosols'® Smaller acids have been shown to predominate the
Single aerosol particle mass spectrometry, initially developed acid content in rain droplets collected in urban regithghe
for in-situ characterization of size-resolved atmospheric particles thermodynamic properties of short chain acids<C,) predict
mass and chemical compositi&t?°>3%has recently been imple-  a saturated surface coverage of these species over water droplets,
mented also for laboratory studies of heterogeneous reactionsand indicate that these organic molecules are partially solvated

of liquid aerosol$%-39 Specifically, Morris et al®” and Smith at the air-water interface?
et al,3% have recently studied in detail the interaction of ozone  Oleic acid has also been shown to be a significant fraction
with laboratory-generated liquid oleic acid aerosols. of continental organic aerosol matter. In urban environments,
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TABLE 1: Reactive Uptake Probability,, of Ozone by Liquid and Frozen Oleic and Linoleic Acid

T (K) y liquid T (K) y frozen
Oleic CigH340, 286—291 (8.3:0.2)x 104 267-275 (5.2+0.1)x 10°°
Linoleic CigH302 274—265 (1.2+£0.2)x 10°3 254265 (1.4+£0.1)x 10*

The error is the standard deviatioroflof all y values contributing to the average.

its main source is meat charbroiling and traffic emissio#s!®
An additional contribution arises from the abrasion of particulate

matter from leaf surfaces of urban plaftdn rural environ- 1.0x10°
ments, its main source is biogenic emissions, both directly and
via secondary aerosol formatiéhOleic acid has been used as Y

a mass balance tracer for emission inventories by Schauer et
al.#% and in that study, it was assumed to be an inert species .
within the geographical dimensions monitored. 1.0x107 4

Experimental Section

The reactive uptake of ozone by olei$9-octadecenoic)
and linoleic €is,cis9,12- octadecadienoic) acids (Fluke99.5%) 1.0x10° —

T Ll L T
in their liquid and frozen states was studied using a cylindrical 220 240 260 280 300
rotating wall flow reactor coupled to a mass spectromegtét>! Temperature (K)
The experimental system has been described in detail previ- liquid frozen liquid monolayer

ously?! and only specifics relevant to the current measurements o S

are described here. The reactive uptake coefficient was deter- g Wnaldoacd  § Il

mined from the first-order loss rate of gas-phase oZ8ne, © 1-octene # 1.octene
detected as @ following its chemical ionization by SF. O t-hexadecene @ 1-hexadecene

Ozone was injected into the reactor through a moveable injector Figure 1. Reactive uptake coefficients of ozone for liquids, frozen

and interacted with the organic compounds coating the rotating jiquids and monolayers of aliphatic alkenes and unsaturated acids. The
reactor's inner walls. Ozone concentrations of approximately » values for reaction with the aliphatic alkenes are taken fhdaise

10 molecules cm?® were used for the uptake measurements. and Rudict! The error is either the standard deviation)df all runs,
Typical pressures and velocities in the reactor wer® Jorr or for temperatures at which the number of experiments was limited,
and 50-200 cm sec! respectively. Helium was used as the @an estimated error of 15%.

carrier gas. Laminar flow was established in the flow tuiie

cm downstream from the gas inlet. The host reactor was
temperature regulated and insulated from its surroundings by
an outer vacuum jacket. The temperature was monitored using
a thermocouple inserted via the moveable injector and it was
verified that there was no temperature gradient along the reacto
path length.

Volatile reaction products were monitored using electron
impact mass spectroscopy and ozone concentrationsl 64
molecules cms. Product concentrations were estimated by using
calibrated flows of 1-butene and comparing peak intensities of
shared fragments taking into consideration their respective
relative yields.

Liquid reaction products were analyzed in their anionic states
using ion chromatography (IC). A high performance liquid
chromatography (HPLC) unit (Varian Prostar) was equipped
with a Dionex AS 11 analytical column and a Dionex (ED50)
Electrochemical Detector. The elution strength of the mobile
phase is controlled using a gradient eluent with concentrations
ranging from 0.4 mM NaOH to 22.5 mM NaOH. The liquid
organics were dissolvediia 5 mM NaOH solution prior to
injection.

empirical equation formulated by Fuller et &34 The ozone
loss rate was much smaller than the gas-phase diffusion-limited
loss rate, and hence the diffusion corrections were less than 20%
for the highest measured uptakes. There are no significant
(differences in thes values for each acid within the temperature
range measured for a specific phase (liquid or solid) and the
average for each phase is shown in Table 1. A distinct decrease
in the reactive uptake coefficient (by at least an order of
magnitude) is observed upon freezing of both organic acids.
The values are plotted together with previously measyrixt
the ozone reaction with aliphatic alkene chélris Figure 1.
The plot denotes a similar sharp decreasg impon lowering
the reactor temperature to below the hexadecene freezing point.
In addition, y values are shown for liquid octene and a self-
assembled octene monolayer which is a unique proxy for a
surface limited reactiofy 283155
2. Volatile Products.Product IdentificationVolatile products
from the ozone and fatty acid reactions were monitored using
electron impact mass spectrometry with 70 eV electrons and at
ozone concentrations in the range of>5 10%-5 x 10%
molecules cm?3. In these experiments, the acids were placed
in an elongated “boat shaped” glass container which was inserted
into the flow reactoP8 As for the kinetic experiments at lower
concentrations, the ozone loss rates did not vary within the range
1. Reactive Uptake CoefficientsThe reactive uptake coef-  of concentrations used, and for temperatures ranging between
ficients of ozoney, were determined at a range of temperatures just above the freezing point t925° above it.
below and above the melting point of oleic and linoleic acid  The electron impact mass spectrum following ozone reaction
using ozone concentrations in the range of 80°—2 x 104 with oleic acid shows the volatile reaction products (Figure 2).
molecules cm. The measured loss rates were corrected for The mass peak assignment and the relative intensities within
gas-phase concentration gradients caused by flupi@ke, using closely spaced masses are uniguely assigned to 1-nonanal. The
the method developed by Browa.The diffusion coefficient parent peak masses mte = 141 and 142 are also identified.
for Oz in He was taken as 394 Torr w1 at 298 K using the The relative intensities between distant masses differ from the

Results
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Figure 2. Mass spectrum of the volatiles released from the ozone and oleic acid reaction shows the only detected product to be 1-nonanal.
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Figure 3. Mass spectrum of the volatiles released from the ozone and linoleic acid reaction. The products are identified as 2-nonenal, 4-nonenal
and 1-hexanal.

National Institute of Standards and Technology (NIST) standard
library spectrum due to the use of the quadrupole mass
spectrometer in a mass dependent ion-transmission mode that@
discriminates against the high masses.

The mass spectrum observed following the reaction of ozone
with linoleic acid is more complex and depicts a number of
volatile products (Figure 3). The spectrum is compatible with
the presence of 2-nonenal and 4-nonenal, identified explicitly
from the higher mass peaks/é = 111 and 122) and compatible
with the relative intensities of many of the lower mass peaks.
The rate at which the peaks intensities vary when the temper-
ature of the reactor is changed assembles them into two distinct
groups (Figure 4). The peaks e = 56, 57, 72, and 82 all
display a similar slope, which differs from that of the other major
peaks associated with the nonenal products. These four massekigure 4. Changes in the signal intensities of various peaks of the

are the major peaks of the 1-hexanal mass spectrum/éat reaction products of linoleic acid as the reactor is cooled. Two main
. s _ . slopes are observed, grouping the peaks into 2 assemblages. The peaks
50). The peak intensities awe = 69 and 95 are still larger designated by black symbols are assigned to the 2-nonenal and

than expected if 1-hexanal and 2- and 4-nonenal are the only 4.nonenal products. The peaks designated by gray symbols are assigned
products, suggesting there may be an additional obscured volatiler the 1-hexanal product. (The peakmate = 72 was shown in different
product. runs to have a slope as that of the 1-hexanal products).

Volatile Products Release to the Gas-Phagbke intensity
of the reaction products signal decreased when the liquid temperature range (Figure 6). The equation describing the
organics were cooled. A steeper decrease was observed imgrowth of the product in the gas-phase is
mediately at the phase change (Figure 5). For linoleic acid, the
signal decrease with temperature of 1-hexanal was gentler than P=A(1- expf_kt)) Q)
that of nonenal (Figure 4).

In contrast to its absolute concentration, the rate of product whereP is the product intensityA, is the asymptotic product
release from the liquid reaction remains constant within the sameintensity, k (sec’?) is the growth rate constant, andsec) is
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Figure 5. Decrease in the concentration of the reaction prodmé ( 1x10 210

= 82) on cooling of the reactor while reacting ozone with oleic acid.
The injector is kept at a fixed position. The numbers are the temperature
in Celsius for each time span. As the liquid starts to freeze, the product Figure 7. Slope of the ozone loss plotted vs the 1-nonanal released
yield first increases and subsequently decreases once the liquid isfor the reaction of ozone and oleic acid. The slope yields the detected
entirely frozen. At this stage a sharp decrease in product formation is nonanal yield. Each point is for a different injector position, i.e different
observed. The inset shows the decrease to be exponentiaf ékis reaction times.

is a In scale). The background is the signal measured when the ozone

flow over the organic liquid is stopped. released from the frozen liquid was lower than that released
from the liquid reaction. However, as the uptake of ozone is
much lower for the surface reaction, the aldehyde yield per
ozone reacted was greatly enhanced. This behavior was observed
for a large number of experiments though quantifying the yield
was difficult, leading to large errors.

The initial increase in product signal observed as the liquid
begins to freeze (Figure 5) is attributed to the higher yield from
uptake by frozen organics. The signal increase is observed only
when a small fraction of the liquid is frozen over. However, as
the liquid becomes completely frozen, the absolute amount of
k,,=0.07£006 (sec”) 1-nor_1ana|_product diminishes and despite the relatively hi_gh

reaction yield, the total amount of released product remains
k,,= 0.07£0.03 (sec”) _srr_laller than thgt released from the liquid rea_ction. Alternativc_ely,
——eeo——— it is also possible that the product burst is due to physical
0 2 4 6 8 10 expulsion of the aldehyde when the carboxylic acid freezes. If
Injector position (cm) this is the case, not all the solvated aldehyde manages to escape
Figure 6. Growth of the aldehyde products following reaction of ozone Prior to complete freezing. When a frozen oleic acid volume,
with linoleic acid. Thex axis is the position of the moveable injector ~ Previously exposed to ozone as it was cooled, was allowed to
and defines the interaction time. The yield of the aldehyde product thaw with no further exposure to ozone, the release of previously
decreases as the liquid temperature decreases. The format®n  solvated 1-nonanal was explicitly observed. As the frozen liquid
however, remains constant ¢ 290 and 272 K). The growth rate  started to melt, a surge of 1-nonanal was released as the
constant, k, is obtained from the fit to eq 1. interfacial “barrier” was disrupted and the pathway to the gas-
the reaction time. For reaction with linoleic acid the growth phase became unrestricted.
was monitored for ion fragments associated with the different ~ The relative peak intensities were used to estimate the fraction
products (Ve = 56, 69, and 84). Within the accuracy of our of nonenal and 1-hexanal products. The ratio of nonenal to
measurements the rate of product release, which we define asl-hexanal decreased as the temperature decreased. For example,
the growth rate and is expressed by the constant k, was identicalt T = 285 K nonenal:hexanaF 0.55:0.45, atT = 284 K
for all peaks. nonenal:hexanak 0.45:0.55 and af = 274 K nonenal:hexanal

Product Yield.The aldehyde product yield is defined as the = 0.30:0.70. The relative yield between 4-nonenal to 2-nonenal
ratio between the aldehyde concentration released to the gasis similar at all temperatures;0.6:0.4, respectively.
phase and the ozone concentration reacted. The yield was 3: Liquid-Phase Products.Polar products in both oleic and
estimated by plotting the ozone loss vs the products growth linoleic acids were analyzed using ion chromatography (IC).
(Figure 7). The products gas-phase concentration was estimatedin these experiments, the ozone flow entered the reactor through
by calibrating the mass peak intensitiesré = 56 with those a bubbler in which 1 crof the organic acids were placed. The
of known butene flows, taking into consideration the respective liquid was continuously stirred to ensure ozone reaction with
relative yields of 1-butene and 1-nonanal at this mass. For liquid the entire liquid volume. The sample was then diluted in a 5
oleic and linoleic acid, the yield decreased as the reactor mM NaOH solution and injected into the IC. Use of a gradient
temperature is decreased. For example, the 1-nonanal yieldeluent results in the elution of the stronger retained acids. Pure
following reaction with oleic acid at a temperature of 296 K oleic and linoleic acids were also analyzed as reference spectra.
was 28%, whereas at 279 K, but otherwise identical conditions, Oleic acid showed 2 new dominant peaks following reaction.
the yield decreased to 10%. When further decreasing the A broad peak at a retention time of 7.5 min tailing off only at
temperature and freezing the liquid, the reaction yield increased 10 min, and a well resolved peak at 12.9 min. This second peak
again to as much as 40%. The absolute amount of aldehydeshas a wide shoulder extending t6l5 min. Only the second

A ozone loss (molecule cm™)

B 200K liquid
® 272K liquid

15000

10000

Signal intensity
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peak is identified beyond doubt and is assigned to the azelatey of the frozen linoleic to the frozen oleic to be 2. The measured
ion, indicating the formation of azelaic acid 4€604) from ratio between the’ values of the two frozen liquids is 26
the reaction. The first peak matches a hexanoic and heptanoid.4. Possibly, differences in the surface concentration resulting
acid standard, which are difficult to resolve in our system. The from structural differences between oleic and linoleic acids,
shoulder tailing the azelate ion matches a nonanoic acid leading to a relatively higher availability of exposed unsaturated
standard. Linoleic acid showed a similar constituent release atbonds for linoleic acid, are the cause.
a retention time of between 7.5 and 10 min, indicating that the A recent kinetic study of the ozone reaction with liquid oleic
Cs—C7 carbon products are common to both acids. However, gcid aerosols (200600 nm diameter) by Morris et.&7 using
only a very slight growth was observed at the peak of the azelategzgne concentrations of about?10 molecule cr yieldsy
ion. For linoleic acid, additional unidentified peaks appeared — (1.6 0.2) x 10-3 and compares well with our measurement
at 16 and 18 min. for uptake in the liquid phase. Smith et,# observe a size
dependeny for the ozone reaction with oleic acid aerosols-(1
5000 nm) which they attribute to diffusion limitation of the oleic
1. Kinetics. The loss of ozone due to gas-phase reactions acid to the surface. In our experiments, the rotation and mixing
with the acids is negligible due to their low-vapor presdtre of the liquid would diminish any concentration gradient of the
and all ozone loss is attributed to the reaction with the condensedreacting acid from the depleted surface layers to the bulk of
phase. The decrease in the reactive uptake coefficient by at leasthe liquid, and the uptake would not be affected by diffusion
an order of magnitude upon freezing of the organic acids (Table limitations. They value that is determined bgmithet al,*®
1) is consistent with trends observed for measurements of ozonefor a nondiffusion-limited particle, i.e., an extrapolatiomoto
uptake by aliphatic alkenes (Figure 1) and for Niptake by zero particle diameter, is=5 x 1073, larger thary measured
aliphatic alkanes and a monocarboxylic aithe ozone uptake  in our experiments for nondiffusion limited uptake. Ozone
by the liquids was shown to have a significant contribution from uptake by canola oil, a mixture of mostly oleic, linoleic and
reactions occurring in the bulk of the liquid, as much smater linolenic acids, was also measured using flow tube experiments
values were observed when limiting the reaction to the surface by deGouw and Lovejo¥: yielding ay value of ~7 x 104
via use of self-assembled monolay&r3he decrease ip upon for the liquid and~2 x 107° for the frozen liquid. In general,
freezing of the liquid indicates that solubility, diffusion and these values are in agreement with our measurements. It is not
reaction within the bulk of the liquid contribute substantially possible to assess the slight differences between these values
to the observed ozone and NQptake30-3? and our own due to the mixture of the unsaturated fatty acids
For the case of uptake dominated by reaction in the bulk, in the canola oil which for typical canola oils constitut®0%
assuming thay < o (the mass accommodation coefficient), of the total fatty acid content.

Discussion

can be expressed according to the resistor ntodsl The measured reactive uptake coefficients are greater than
ART those measured for long-chain terminal alkenes in our previous
=1, /D K[X 2 study®! To validate our experimental system, the uptake
y =" “HyDKIX] @)

measurements were repeated for hexadeceney Madues of

the recent and previous experiments fall within the ovetall

25% error we associate with the measurements. The main factor

contributing to this change are errors associated with determining

the exact flow resulting from the fit of the rotating flow reactor

within the main cylindrical reactor. The reaction of ozone with

an unsaturated compound is an electrophilic addftfand the

%resence of an electronegative substitute such as COOH is

expected to lower the rate coefficient for reaction of the acid

X ) : compared with the alkerf@. However, the effect of the COOH

will result in an increase of by \/5-, o group is hardly perceptible if the location of the polar group is
Assuming the activity of both acids to be similarly propor-  5¢ 5 distance greater than-8 carbons from the unsaturated

tional to their concentration, and treating each unsaturated bondpong as for the acids in our stuBYThe higher reactivity of

as contributing independently to the reactivity and having an he oleic and linoleic acids is probably due to the presence of

identical rate constant, the ratiR, betweeny for the mono- g psiituted double bonds rather than the terminal unsaturated

unsaturated acid (oleic) and the di-unsaturated acid (linoleic) yonds of the long-chain aliphatic alkenes, in analogy to the gas-

is expected to be phase reactiorfs.

2. Products. Ozone loss is governed by reaction in the
R— \/2 Piinoleic < MWoIeic_ 1.43 condensed phase and not from gas-phase reactions with the
= X ——— =1, 3) S . . :
x MW i oeic equilibrium acid vapor. It is necessary also to verify that the
reaction products result only from the reaction with the
wherep is the density (g crmf) and MW is the molecular weight ~ condensed phase organics and are not the result of a minor
(g mol ). The formulation of this term for R also assumes pathway with gas-phase acids. This is validated by a number
similar values of H and Dfor ozone in the two compounds. of arguments. (a) No products are observed when the injector
The actual measured ratio is 1.450.19 suggesting that the is positioned downstream of the organic liquid, a configuration
reactant activity is directly related to the concentration of in which ozone cannot interact with the organic surface but is
unsaturated bonds, supporting the conclusion that the uptakeable to interact with gas-phase species, (b) taking the measured
has a dominant contribution from reaction in the bulk. product formation rate and assuming that the products result
For a surface reaction, represented by the frozen liquid, we from gas-phase reaction, the rate coefficient of ozone with the
would expect the reactivity to be directly proportional to the unsaturated acids would have to be between 80714 to 5 x
reactive site concentration at the surface and hence the ratio ofL0~13 cm® molecule* sec, much larger than the estimated

whereH is Henry’s law coefficient (M atmt), D; is the diffusion
coefficient in the solute (cAs1), k (M~tsec?) is the second-
order rate coefficient for reaction in the liquid phase, and [X]
is the liquid-phase reactant activity. The square root factor arises
from the solution of a bulk liquid reaction in which the gas-
phase ozone flux across the interface is equated to the ozon
flux within the liquid>® From eq 2, it follows that for uptake
governed by bulk liquid reaction, doubling the reactant activity

Poleic
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gas-phase rate coefficient (approximately x1 10-17 cm?® a o)

molec? sec'! for unsaturated terminal and branched substituted HO )J\/\/\/\/\/\N\/\

alkene8°6) ¢) the vapor pressure of linoleic acid close to the )
melting point is extremely low,~1 x 10°° Torr?* For 0D

conditions of~9 Torr, total pressure and a flow ef300 scc/ HO)J\/\/MJ/\/\/\/\
min, this is equivalent to a gas-phase concentration of 13’ o 0

molec cnt3, much lower than the concentrations of the reaction HOJ\/\/\/\/"\OH + O
products we detect and d) the reaction yield (discussed in the

coming paragraph) is of a magnitude that shows this pathway
to be a major pathway for the ozone loss which is dominated b 05
o]

by reaction in the bulk. )K/\/\/\/\/A\/\/\/\
Temperature Dependence of the Product’s Yielcdtontrast HO N Z
to ozone loss, which does not show a temperature dependence o) Q.-

for either the liquid or frozen liquid, the product formation shows () Ho)J\/\/\/\/%)/\/\/\/\

an exponential temperature dependence (Figure 5 inset). For

azelaic acid 1-nonanal

ozone uptake, it would seem that the effect of the temperature o A-nonenal
dependencies of Dand k are canceled by the contrasting )0,\/\/\/\)?\ + SN
temperature dependence of H. For the formation and release of HO 7 7 OH O A
the volatile product, the temperature dependence of the same azelaic acid ~

three parameters could lead to a decrease in the observed signal Z-nonenal

due to (a) a decrease in the reaction rate coefficient, in analogy
to the gas-phase, (b) a decrease in the branching ratio for the

0.
3.0
pathway leading to the aldehyde formation, (c) slower diffusion () HOJ\/\/\/\/\/\VT\/\/\

in the liquid phase, or (d) an increase in the aldehyde solubility o
and subsequently, less volatile release. HOJ\/\/\/\/\/\,(OH + NN
Diffusion out of the liquid matrix may be slowed on cooling, o 1-hexanal

however, D, is proportional to #2 whereas the observed

decrease is exponential. The exponential trend is compatible ® 0 %

with the exponential trend for vapor pressure changes described HOJK/\/\A/S\V\/\/\/\
by the Clausius Clapeyron expression. In addition, the smaller '
decrease of the 1-hexanal product compared to the simultaneous o)

decrease of the nonenal product (Figure 4) is compatible with HO)W\O
the lower vapor pressure temperature dependence expected for
smaller molecules. The temperature dependence of the nonanal

(~nonenal) and hexanal vapor pressure over the pure substancgigure 8. Reaction scheme for formation of volatile and liquid-phase

k : . products. The dashed line marks the place of scission of t® Gond
can be estimated by the method of Mak&This method yields of the primary ozonide. (a) Formation of 1-nonanal and azelaic acid

slopes of 7670 (K%) and 5750 (K™) respectively when the  from the ozone reaction with oleic acid. 1-nonanal is partially released
natural logarithm of the vapor pressure is plotted agairit 1/ to the gas-phase while azelaic acid remains in the bulk liquid. (b)
These are larger values than the slopes we measure of the signdbrmation of (1) 2-nonenal and 4-nonenal, (2) 1-hexanal, and (3)
intensity plotted against T/ Repeated measurements of the nonanoic acid from the ozone reaction with linoleic acid.
1l-nonanal and nonenal slopes (monltorlng various mass IOeaI(s)clecompose in a number of channels leading to different products
yield an average slope of 40@D 400 (K1) (Figure 5 inset). such as RCO, RCOOH, GOCO, HO, and OH
The 1-hexanal sIoE)le was meqsured less rlgorqusly and gives a The products observed in our experiments can form via the
slope 0f~1350 (K™). The estimated slopes will differ from athways shown in Figure 8. 1-nonanal and nonenal form via
the measured slopes_ as they express the vapor pressure Ové)ﬁe cleavage of a primary ozonide formed at the C9 position
the pure parent liquid whereas the measured volafiles are g e 83 and 8b-1). For the linoleic acid (2 double bonds),
dependent on the aldehydes solubility in the oleic acid. the unreacted unsaturated bond at the now C3 position migrates
We note then, that the estimates of the 1-hexanal and 2- andyg ejther the C2 and C4 position. The migration to the C2
4-nonenal y|e|ds reflect the Solublllty of the pl’OdUCt rather than position can be understood by reca"ing that the Conjugation
its actual reaction yield. between the carbercarbon double bond and the carbon
Possible Reaction Mechanism. Reaction Pathwayse oxygen double bond adds stability to the mole&l&-hexanal
mechanism of ozone reaction in the gas and liquid phases iscan be produced from the primary ozonide formed at the C12
via the insertion of ozone to the unsaturated bond to form a position (Figure 8b-2). Rearrangement of the Criegee biradical
primary ozonide. The primary ozonide subsequently decomposesfollowing stabilization can lead to the formation of dicarboxylic
via the cleavage of one of the two—-@ bonds and the €C acids. Azelaic acid was observed following reaction with oleic
bond, whereas the stronger-O bond remains intact to form  acid and remains in the liquid phase due to its extremely low
a Criegee intermediate (biradical) and an aldehyde or kéfdtie.  volatility (Figure 8a and 8b-1).
In solvents and in solids, the excess energy in the Criegee In addition, scission of the primary ozonide at the second
intermediate can be redistributed and solvent cage effectsperoxy bond will lead to additional products. The aldehyde will
increase the probability that the Criegee intermediate will be associated with the acid fragment whereas the alkane
recombine with the carbonyl compound to form a stable fragment will yield the Criegee biradical (Figure 8b-c). Stabi-
secondary ozonide as the main reaction pro&ttin the gas- lized Criegee biradicals may rearrange to form a carboxylic acid
phase, the two fragments separate rapidly and the Criegeeor may react further with the acidic hydrogens and with the
biradical, which contains excess energy, can stabilize or solvated aldehyde to form organic hydroperoxides and perox-

\cl)/\/\/\/\

9-oxononanoic acid nonanoic acid
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ides®4%6 The product that tails the azelate ion at a retention 8) and remains in the condensed phase due to its low volatility.
time of ~14 min, following reaction with oleic acid, is  Dicarboxylic acids are recognized as ubiquitous organic aerosol
compatible with a nonanoic acid standard representing the constituent$?%8 Although diacids with higher carbon numbers
product from this second pathway. The product may well be are generally less abundant than the smaller acids, azelaic acid
nonanoic acid itself, expected to be formed from the intermediate is shown to be a relatively common constituent in both urban
Criegee biradical, or it may also be the originalacid fragment and marine region3* Analysis of aerosol measurements
with an aldehyde at the other end of the chain (Figure 8b-c). collected over the Mediterranean Sea showed that higher ratios
We are unable to differentiate between these groups of of azelaic acid to unsaturated fatty acids were concurrent with
compounds. Similarly, the and G assignment cannot be  higher ozone concentratiof$The maximal formation rate of
uniquely designated as the pure acid (as the standard) but alsothe dicarboxylic acids can be estimated from the uptake values
may well be a bifunctional compound. measured in our experiments, assuming that azelaic acid is
Reaction with Liquid OrganicsThe substantial yield of the  formed in the same yield as 1-nonanal, i.e.,~at40%. A
aldehydes upon reaction with the acids indicates that for the complete characterization of the soluble acids, hydroperoxides
pure organic liquids, the two fragments do not dominantly and peroxides that are formed is necessary for a rigorous
recombine to form the stable secondary ozonide, recognized asestimate.
the main reaction product in solutiéh.This indicates less The dicarboxylic acids formed by the ozone-unsaturated fatty
efficient “caging” and may be due to the reaction occurring acid reactions are smaller and by far more polar than the parent
mostly in the outer film of the bulk liquid. The depth to which 51ty acid molecule and are thus more hygroscopic. Conse-
reaction occurs can be estimated via estimation of the diffuso- quently, for aerosols with a high organic content, the product

reactive lengthl, in the liquid, defined &% dicarboxylic acids can contribute to their cloud nucleation
activity due to the enhanced water affinf/° In general, a
| = D @) mixture of organics will take up less water than that associated

with each of the compounds in its pure foffnThe relative
hygroscopicity of atmospheric aerosol organics is diacids
monoacids> alcohols> carbonyls?®

Organic matter has been shown to contribute to the cloud
nucleating portion of aerosol ma%sl’ Specifically, the organic
material that acts as cloud condensation nuclei (CCN) has been
shown to be composed of water-soluble organic spééiéJhe
oxidation of volatile organic compounds and primary organic
aerosols to form more polar and multi-functional compounds
thus renders much of the tropospheric organic material to be
water-soluble. In general, measurements of fine aerosol in
background, rural and polluted regions show that over 70% of
the organic compounds at all sites are of polar natukerosols
collected in remote regions also show a predominance of polar
organics’>”® The diacids and peroxides formed from the

k

where Di(cn¥? sec?) is the diffusion coefficient of @in the
organic acids, ant :(secl) is the first-order loss rate of {in
the liquid. For oleic acik,'= 1 x 106 M~1 sec'1.5° D can be
estimated from eq 2. Using H of 0.09 M atf) the value for
the much smaller acetic aciand our measureg of 8.3 x
1074, Dy at 290 K is estimated as & 1076 cm? secl. The
diffuso-reactive length is then estimated to ®€ nm. This
indicates that the reaction occurs quite close to the surface.

Reaction with Frozen Organic§.he observed increase in
aldehyde yield for the surface reaction can result from two
processes: (1) the aldehyde formation pathway is more sig-
nificant than the same pathway for the bulk liquid reaction and
(2) less efficient solubility. This is consistent with the reaction ! i .
being limited to the surface where a less efficient caging is ozonolysis of the fatty acids may be examples of such organic
expected than for the liquid reaction. In addition, upon freezing, CCN components. o .
the diffusion of the reaction products to the interior of the liquid ~ AS the dicarboxylic acids are highly water soluble, the ozone
is greatly Slowed, and the products are therefore releasedreacuon with the fatty acids can mOdIfy the overall part|t|0n|ng
unidirectionally at the interface. The measured yield from the Of organic matter between an aqueous particle, its surface and
surface reaction 0f-40% is on the same scale as the aldehyde the gas-phase. The distribution of the organic material may be
yield observed in previous studies investigating ozone reactionsdriven from a film-like coating of the amphiphilic parent fatty
on organic surfaces. Thomas et?8lobserved a 5& 10% yield acids to solvation of the shorter polar chains within the bulk of
of formaldehyde following the surface reaction between ozone the aqueous aerosol droplet. In agueous droplets, additional low
and self-assembled monolayers composed of terminal aliphaticvapor pressure products such as organic hydroxy-hydroperoxides
alkenes. Wadia et 232 also observed nonanal formation are expected to form and accumulate in the condensed-phase
following reaction between ozone and an unsaturated phospho-due to their extremely low volatility?
lipid (OPPC) at an airwater interface. Their observed yield is The presence of a surficial organic coating can limit mass-
corrected for the partial solvation of the nonanal product in the transfer between the inner part of a particle and the ambient
aqueous phase and the total reaction yield is given as54 air. Ozonolysis, which breaks long molecules, will destroy such
11%. organic coatings and can enable mass-transfer across a previ-

Atmospheric Implications. We observe that the ozone ously “blocking” interface. Growth of the aerosol will also be
reaction with unsaturated fatty acids leads to the release of long-promoted. The greater solubility of the dicarboxylic acids lowers
chain aldehydes. The tropospheric reaction of ozone with the vapor pressure of the droplet due to the “Raoult Effect”.
aerosol-associated unsaturated fatty acids can thus contribut&his then lowers the critical super-saturation valfiesnd
to the oxidative capacity of the atmosphere via the aldehyde increases the particles CCN potential. An opposing force to this
photolysis to alkyl radicals and HCO and subsequent production process are the changes in surface tension that an aerosol coated
of HO,.8 The amount of aldehydes released will depend on the by a fatty acid film may undergo. The shorter chain organic
temperature of reaction, the solubility of the products in the acids have a higher surface tension than the parent long chain
aerosol phase and the ambient gas-phase concentrations.  acidg* such that as the parent molecule reacts and the aerosol

Azelaic acid is one of the complementary refractory organics is processed there may be an increase in the surface tension
to the observed 1-nonanal and nonenal volatile products (Figurewhich in turn would depress droplet grow#h’ This may be
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offset however, by the composition transformation to polar
groups which will further serve to reduce the surface tension,

the overall result being a decrease in the critical supersaturation

values for the processed aerosol.

These changes in composition and in the distribution of the
organic components have many implications on the aerosols
physical and chemical properties and need to be assessed ang .

quantified.
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