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Oxidative processing (i.e., “aging”) of organic aerosol particles in the troposphere affects their cloud
condensation nuclei (CCN) activity, yet the chemical mechanisms remain poorly understood. In this study,
oleic acid aerosol particles were reacted with ozone while particle chemical composition and CCN activity
were simultaneously monitored. The CCN activated fraction at 8.6506% supersaturation was zero for

200 nm mobility diameter particles exposed to 565 to 8320 ppmfoOess than 30 s. For greater exposure

times, however, the particles became CCN active. The corresponding chemical change shown in the particle
mass spectra was the oxidation of aldehyde groups to form carboxylic acid groups. Specifically, 9-oxononanoic
acid was oxidized to azelaic acid, although the azelaic acid remained a minor component, comptiifig 3

of the mass in the CCN-inactive particles compared t®% in the CCN-active particles. Similarly, the
aldehyde groups ofi-acyloxyalkylhydroperoxide (AAHP) products were also oxidized to carboxylic acid
groups. On a mass basis, this conversion was at least as important as the increased azelaic acid yield. Analysis
of our results with Kdaler theory suggests that an increase in the water-soluble material brought about by the
aldehyde-to-carboxylic acid conversion is an insufficient explanation for the increased CCN activity. An
increased concentration of surface-active species, which decreases the surface tension of the aqueous droplet
during activation, is an interpretation consistent with the chemical composition observationstdedtkeory.

These results suggest that small changes in particle chemical composition caused by oxidation could increase
the CCN activity of tropospheric aerosol particles during their atmospheric residence time.

1. Introduction constants for reaction of ozone with alkenes in the condensed
. . . phasé&10 are typically 18 times faster than in the gas phdse.
Organic aerosol particles in the atmosphere can be trans-p s the condensed-phase ozonolysis of alkenes, in particular
o S ayophobi o 2 YIS tte b STl ai, s boon anare o enso eseacn over e pas
{Jo yas aging-? Hydroprk)ﬂlic parti(,:les have increasedy cloud few yearsé?_loylz_?sm addition to chemical aging, physical _aging
o . o - can also occur in the atmosphere when soluble material, such
condensation nuclei (CCN) activity compared to their hydro- - .
) ! ._as sulfate, nitrate, or secondary organic aerosol, collects on
phobic counterparts. At present, many climate and atmospheric . .
. . i . . aerosol particles through condensatiérf®2’Cloud processing
chemistry models include particle aging proce%sess a simple is al . . haniafno
conversion from a hydrophobic to a hydrophilic state after 1 to Is also an Important aging mechanistn: ] .
2 days in the atmosphefeThe time scale of this conversion, ~ The present paper reports on the results of oleic acid
however, is arguably not uniformly applicable to all aerosol 0zonolysis as a model system to investigate the role of
particles on a global scale, as aging times should, in large part,heterogeneous oxidation in influencing the CCN properties of
vary locally with the concentrations of photochemically pro- ©organic aerosol particles. The ozonolysis of oleic acid has served
duced oxidants and condensates. Before a more accuraté@s a model system to investigate aerosol aging for several
representation can be included in models, however, a morereasong? Oleic acid is the most prevalent fatty acid in the cell
detailed understanding of the hydrophobic-to-hydrophilic aging walls of living organisms and is a major component in many
mechanisms of organic aerosol particles, as well as consequengooking oils and lardg! As a result, it is found in ambient
effects on CCN activity, is necesséy. atmospheric aerosol particles and has been suggested as a marker
In one chemical aging mechanism, the condensed-phasefor meat cooking?-3* Moreover, oleic acid has many chemical
molecules of the aerosol particles react heterogeneously withand physical properties that make it convenient for study in the
gas-phase atmospheric oxidants such gs@M, and NQ.1 laboratory: it is a liquid at room temperature, has a low vapor
Heterogeneous chemistry is particularly important for the pressure, and is commercially available in high purity. Finally,
ozonolysis of unsaturated organic molecules because the rated large body of literature now exists describing the kinetics,
products, and mechanisms of the oleic acid ozonolysis reaction
"' School of Engineering and Applied Sciences, Harvard University. in aerosol particle$;10:12-25:35.36
g/Tesrtggt?]éokégggpc%eﬂnieseamhv Nagoya University. A simplified chemical mechanism of the ozonolysis of oleic
v Jence acid is shown in Figure 1. Breakdown of the primary ozonide
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Figure 1. Reaction pathways and products of the ozonolysis of oleic acid. For simplicity, reactions of stabilized Criegee intermediates with nonanoic
acid and azelaic acid, which form with low yield, are not shown. Oligomerization reactions by the addition of Criegee intermediates to AAHPs and

SOZs that bear aldehyde or acid functionalities are also omittednihealues of the electron-impact fragment ions used to identify each species

are given. Molecular weights are shown in bold and are italicized if the molecular ion is not observed in the mass spectra. AAHP and SOZ labeling
follows that of Ziemanr*

stable products, nonanal and 9-oxononanoic acid. Nonanal,0zone levels transforms oleic acid aerosol particles from CCN-
however, evaporates from the condensed ph#sEAs a major inactive to CCN-activé2 The transition occurs, however, only
pathway, the ECIs vibrationally relax in the solvent, forming for an ozone exposure that is®tiimes in excess of that required
stabilized Criegee intermediates (SCls), which subsequentlyto completely consume the oleic aéfiTo date, the chemical
react with other functional groups. As a minor pathway, the composition of ozonized oleic acid aerosol particles has been
ECIs possibly isomerize to form nonanoic acid and azelaic acid investigated only for ozone exposures well below those neces-
in yields of 2-4% 1621 although these products arguably may sary for CCN activatiof. 810121423 The requirement of large
instead form by the breakdown of some fraction of secondary excess ozone for CCN activation implies that, compared to
ozonides’ Thus, the major monomeric product in the condensed Figure 1, new chemical products and/or reaction pathways must
phase is 9-oxononanoic acid, which has both aldehyde andbe responsible for activation. To this end, in the study described
carboxylic acid groups available for oligomerization reactions herein, oleic acid particles are subjected to increasing ozone
with the SCls. exposure while CCN activity and chemical composition are

Oligomerization reactions are afforded by double moieties simultaneously monitored. With this information, a detailed
on 9-oxononanoic acid and azelaic atidReactions of the two chemical mechanism is developed and discussed within the
SCls with the two functionalities of 9-oxononanoic acid produce framework of Kdnler theory to rationalize the increase in CCN
the Gg a-acyloxyalkyl hydroperoxides (AAHPS) and secondary activity.
ozonides (SOZs) shown in Figure 1. Thegg@ompounds ) .
resulting from the reaction of the SCls with azelaic acid, 2- EXperimental Section
nonanoic acid, and unevaporated nonanal form in much smaller A schematic diagram of the experimental apparatus is shown
yields because of the low concentrations of the latter three in Figure 2. The apparatus consists of polydisperse aerosol
species. gg compounds can be indefinitely lengthened (i.ez, C  generation by either atomization or homogeneous nucleation,
Csg, €tc.) so long as an aldehyde or carboxylic acid group diameter classification by a differential mobility analyzer (DMA)
remainst®21.2235Cyclic diperoxides are believed to form from to obtain a monodisperse aerosol, chemical reaction between
the bimolecular reaction of two SC¥82! Their yield should the aerosol particles and ozone in a flow tube (298 K,
be low in reaction media having high concentrations of atmospheric pressure, and 0% relative humidity), and analysis
carboxylic acid or aldehyde groups, which scavenge SCls beforeby a quadrupole aerosol mass spectrometer (Q-AMS) and cloud
they can react with another SCI. condensation nucleus counter (CCNC).

Regarding the CCN activity of the products of oleic acid 2.1. Particle Generation and Classification.Oleic acid
ozonolysis, Broekhuizen et al. showed that exposure to high aerosol was generated by two methods, homogeneous nucleation
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Figure 2. Schematic diagram of the experimental apparatus for the generation, classification, chemical reaction, and analysis of ozonized oleic
acid aerosol particles. Key: Kr-8%Kr bipolar charger; DMA, differential mobility analyzer; CPC, condensation particle counter; Q-AMS, quadrupole

aerosol mass spectrometer; and CCNC, cloud condensation nucleus counter. (As necessary, DMA #2 and the CPC #2 are operated as a scanning
mobility particle sizer (SMPS) to measure the particle number size distribution.)

and atomization. Aerosol generated by atomizing solutions (0.4 at 254 nm over a 1 crpath length using a cross section of 1.15
wt %) of oleic acid (99% purity, Aldrich) in methanot@9.8%, x 10717 cn?.#1 The sheath flow was regulated with an accuracy
EMD) or ethyl acetatex99.8%, EMD) passed with 0.38 Lpm  of 1% using mass flow controllers (MKS, 100B). The aerosol
N2 through a 0.8-m diffusion dryer (13 mm ID) filled with  particles then passed through a diffusion tube having an outer
activated carbon to remove the solvent. The aerosol continuedannulus filled with ozone destruction catalyst (Carus Chemical,
through a®Kr bipolar charger and a differential mobility = Carulite 200), which reduced the ozone mixing ratio by a factor
analyzer (DMA #1; TSI, 3071, open sheath flow), which was of at least 18 (i.e., O; could no longer be detected by our
used to select particles having a 200 nm geometric meanmethods).
mobility diameter. Particle charge was assumed to have no effect At each injector position, the nominal ozone exposure was
on chemical reactivity. A 10:1 sheath-to-aerosol flows (idrrier calculated as the product of the ozone concentration in the sheath
gas) was used in DMA #1, and the resulting particle size flow (corrected for dilution) and the residence time of the
distribution had a geometric standard deviation of 1.08 (log- particles in the flow tube. Two approximations in this calculation
normal distribution). The integrated number concentration was were that the ozone thoroughly and immediately mixed with
(0.5-5.0) x 10* particles cm3. The corresponding mass loading the particles when the sheath and injector flows met and that
was 106-1000xg m~3. In comparison, the vapor pressure of the ozone was immediately removed from the gas phase upon
oleic acid (2.4ug m~3 at 298 K$8is much lower, avoiding any  contact with the ozone destruction catalyst.
artifact of particle size change inside DMA #1 as a result of  2.3. Particle Analysis.Downstream of ozone removal, the
evaporation due to the sheath flow diluti&i?® aerosol flow was split three ways for particle analysis. The first

Homogenously nucleated aerosol particles were produced bypart of the flow was isokinetically sampled by an Aerodyne
passing N gas (UHP, 99.999%) over a few drops of oleic acid Q-AMSA#243 The Q-AMS mass spectra provided information
in a 100 mL round-bottom flask heated to 0010 °C. The on the chemical composition of the particles. In addition, the
aerosol was not passed through DMA #1. The particle size Q-AMS measured the mass loading and the aerodynamic size
distribution had a geometric mean diameter of 2800 nm, a distribution of the aerosol particles.
geometric standard deviation of 1.2, a lognormal size In brief, the Q-AMS functioned as follow&:*3Particles were
distribution, and an integrated number concentration of0.5 focused by an aerodynamic léf4°on to a cylindrical heater
5.0) x 10* particles cm. The corresponding mass loading was where the non-refractory components of the aerosol were flash
100-1000ug m~3, vaporized. Molecules in the resultant vapor cloud were ionized

2.2. Chemical ReactionThe oleic acid aerosol particles were at 70 eV by electron impact and analyzed with a quadrupole
introduced at 0.38 Lpm through a movable injector into the mass filter (Balzers, QMA 430). One difference in the operation
center of a 120 cm long, 5.1 cm diameter laminar flow tube. of the Q-AMS for this study compared to its normal operation
The residence time of the particles in the flow tube was was that a lower heater temperature was employed (i.e.,
controlled from 5 to 50 s. In a separate diagnostic measurement,250°C compared to 500600°C). The lower heater temperature
the particle residence time was measured by pulsing aerosolwas sufficient to volatilize the organic mass while somewhat
into the flow tube and recording the time between pulse initiation reducing the thermal fragmentation of the organic molecules
and detection. After appropriate corrections for the time required and, therefore, affording more information-rich mass spectra.
for the particles to travel through connecting tubing, the  The second part of the split flow entered a condensation
measured residence time was 90% of the expected value forparticle counter (CPC #1; TSI, 3022A) for measurement of the
laminar flowt® and fewer than 5% of the particles were lost, total particle number concentration. The third part of the split
even for the longest residence times studied. flow passed through &Kr bipolar charger and a DMA (DMA

A sheath flow containing ozone in 90%@nd 10% N was #2; TSI, 3800, recirculating sheath flow) to obtain a flow of
introduced upstream of the particle injector at 1.07 Lpm into monodisperse aerosol particles. Mobility diameters of 200 and
the flow tube. Ozone was produced at mixing ratios of 565 181 nm were selected for homogeneously nucleated and
8320 ppmv (1.4- 20.0 g nT3) by passing oxygen gas (UHP, atomized particles, respectively. In the case of the atomized
99.994%) through a variable corona discharge (Azco Industries particles, the 200 nm monodisperse mode selected by DMA #1
Ltd., HTU-500G2). Therefore, the ozone concentration exceeded(cf. section 2.1) decreased to a 181 nm mode following
the oleic acid concentration by a factor of33A0°. Ozone ozonolysist®17 In the case of homogeneous nucleation, a
mixing ratios were calculated from the measured absorbancepolydisperse aerosol sample was employed, so analysis of 200
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nm particles was possible. Although the particles were already
charged after exiting DMA #1, the additional bipolar charger
in conjunction with DMA #2 greatly reduced the relative
concentration of doubly charged particles in the aerosol flow.
The aerosol exiting DMA #2 was sampled in parallel by a
CCNC (Droplet Measurement Technologi€sy and CPC #2
(TSI, 3782). The activated fractiofr{), calculated as the ratio

of the number of particles counted by the CCNC to the number 0.2 —
of particles detected by CPC #2, quantified the propensity of a
population of aerosol particles to form cloud droplets. The
CCNC was set to a nominal supersaturation of 0.6%, corre-

=
o
|

o
%
|

Activated Fraction
=)
o
|

565 ppmv ozone
1410

sponding to a calibrated supersaturation of (466.06%. 0.8 - ‘21265
2.4. CCNC Calibration. The CCNC instrumeft*’regulated 75(6)?)

4oEP>PIXO

a temperature gradient within a wetted wall flow tube. Pointedly,
supersaturation was not directly measured and calibration with
test aerosols was necessary. We used monodisperse NaCl and

Activated fraction
IS
o
|

(NH4)2SO, test aerosols for the calibration at 0.3 and 1.0% 02
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Appendix 1. The results showed that the actual supersaturation seTse _ s
was between 0.60 and 0.72% when the instrument was adjusted Ozone Exposure (atm s)

to the manufacturer’s nominal setting of 0.6% supersaturation. gigyre 3. CCN activated fraction at 0.66 0.06% supersaturation

for 181 nm mobility diameter particles generated by atomization and
3. Results and Discussion ozonolysis (panel A) and for 200 nm mobility diameter particles
) ) generated by homogeneous nucleation and ozonolysis (panel B) as a
3.1. Control Experiments. Control experiments were con-  function of ozone exposure (298 K, atmospheric pressure, and 0% RH).
ducted to validate our experimental method through comparisonA sigmoidal fit is applied to each data set. The dashed line indicates
with literature data and to provide a baseline for the CCN an activated fraction of 0.5. Along the abscissa, error bars represent
activation experiments. No CCN activity at 0.66 0.06% combined uncertainties in the ozone mixing ratio, the sheath and aerosol

supersaturation was observed for unreacted oleic acid aeroso]‘Iow rates, and the ozone/partlcle mter_acfuon_tlme. AIong the o_ro!mat_e,
error bars represent combined uncertainties in the counting efficiencies

particles as large as 350 nm, both for generation by homoge- ot he cCNC and the CPC. Error bars are shown only for the highest
neous nUC|eatI0n and by atomization in ethyl acetate. Reactedozone exposure but are similar at lower exposures.

oleic acid particles at 200 nm mobility diameter remained CCN-

inactive for ozone exposures up to 0.01 atm s, even though thereagent (e.g., § and the reaction time into a single unit termed
oleic acid in the particles had been completely consumed by “exposure” when describing pseudo-first-order kinetics because
ozone and the products included a high abundance of oxygenate@xposure can sometimes serve as a composite variable that
organic molecules. These results agree well with the observa-accurately describes the extent of reacfi§f:13.16.204%igure
tions of Broekhuizen et al3 who found that oleic acid particles 3, however, shows that the CCN-activation curves do not
remained CCN-inactive at 0.6% Supel’saturation for ozone converge when p|0tted on an exposure axis. |nstead’ substan-
exposures less than 0.01 atm s and for dry diameters of up totjally higher ozone exposures are required to achieve activation
300 nm:3 as the ozone mixing ratio was increased. The implication is that

In a separate experiment oriented toward a comparison of the activation of oleic acid by intense ozonolysis does not appear
our results with those of Broekhuizen et #.we scanned  to follow a pseudo-first-order rate law, suggesting that ozone
particle diameter while holding supersaturation at G:68.06% concentration and exposure time do not have equal weighting
and ozone exposure at 0.1 atm s. The reacted particles activate¢h determining the CCN activity of the aged particles.
at 160 nm. Broekhuizen et al. reported an activation diameter  Figure 4 better illustrates this phenomenon. The exposure time
of 161 nm at 0.6% supersaturation and 0.42 atf\8e consider  required to reach an activated fraction of 0.5 is plotted for several
our results and those of Broekhuizen e¥ah agreement, within - ozone mixing ratios. Above 1000 ppmsQactivation appears
experimental uncertainty. to depend only on reaction time (i.e., approximately 30 s

3.2. CCN Activation. The activated fractions of reacted oleic  regardless of ozone concentration). The implication could be a
acid aerosol particles are shown in Figure 3 for increasing ozonesurface saturation effect at these high ozone concentrations. For
exposure. For a particular ozone mixing ratio, the exposure waslower ozone concentrations (e.g., 500 ppmv in Figure 4), there
varied by increasing the ozonolysis time. As seen in Figure 3, is sensitivity to the reaction time.
the oleic acid particles were transformed from CCN-inactive  3.4. Changes to Mass Spectra: Observationgzigure 5
to CCN-active by increasing exposure to ozone. The exposuresshows mass spectra obtained for oleic acid aerosol particles prior
required to activate 181 nm particles atomized from ethyl acetate to and after ozonolysis. The spectra in Figure 5, panels A and
(Figure 3A) were slightly lower than those required to activate B, agree well with those reported in the literature for oleic acid
200 nm particles generated by homogeneous nucleation (Figureand its ozonolysis producfs®21We are aware of no previous
3B). The explanation may be that a small amount of ethyl mass spectra published for oleic acid aerosol particles having
acetate, which has a water solubility of 64 g4{#8 remained in ozone exposures as high as those corresponding to Figure 5C.
the atomized particles, thereby enhancing CCN activity (cf. Comparison of panels B and C of Figure 5 to panel A shows
Appendix 2). Data corresponding to particles generated by that oleic acid reacts to completion (i.e., the absence of peaks
atomization are therefore excluded from most of the further atm/z 264 and 282 in parts B and C), even for the lowest ozone
analysis of this study. exposure studied (Figure 5B).

3.3. The “atm s” Reaction Coordinate.A common treat- The mass spectra of reacted but CCN-inactive particles
ment in literature is to combine the concentration of an excess (Figure 5B) and reacted, CCN-active particles (Figure 5C) are
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Figure 4. Reaction times required to reach 50% CCN activity for F19ure 6. Fract)\onal dn;ferencez(m). calculated as:Amz = (I, ~
several ozone concentrations, as derived from the data shown in Figurdm2)/lm. Wherely,, and I, are the signal intensities of the averaged

3. A representative contour of constant exposure (0.068 atm s) is alsoMass spectra fdf, > 0.9 andF, < 0.1, respectively, for the data of
shown. Figure 3B. Signals having signal-to-noise ratios less than 40 are

excluded from the analysis. Error barssj3are shown as white bar
overlays so that only statistically significaity, values can be seen.

0.1

A Signals forAis; and A7 are removed from Figure 6 because, based
on shoulders apparent in the raw data (not shown), they are artifacts of
0.01 264 the strong signals af\;s, and Ai7. The full set of raw data
| 282 corresponding to Figure 6 is included in the on-line Supporting
0.001 j | Information as Table S1.
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' 109 i similarity also held for group B.

124 “|‘4 m In Figure 6, the heights of the black bars show the fractional
difference atm/z values for which the fractional difference
0.001 exceeded the signal-to-noise uncertainty. The height of a black
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[
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" | cases that there was not a statistically robust difference between
150 200 250 300 the compared spectra at thaiz value.
Mass-to-charge 3.5. Changes in Mass Spectra: Interpretation as Changes
Figure 5. Mass spectra of oleic acid aerosol particles before exposure in Chemical Composition. As a result of both the extensive
to ozone (panel A), after 0.0036 atm s of ozone exposure (panel B), fragmentation caused by electron-impact ionization and the
and after 0.402 atm s of ozone exposure (panel C). The correspondingthermal decomposition of molecules on the Q-AMS heater, most
CCN activated fractions are 0.0 for panels A and B but 0.993 for panel ¢ te signal intensity occurred belom'z 100, and molecular

C. Spectra are normalized to the total organic signal intensity. White .
bars indicate the uncertainty{Bassociated with the signal intensity ion peaks were weak or unobserved. Therefaig values of

at eachm/z value. Important marker peaks are indicated. Conditions: fragment ions were employed as tracers of the parent species.
particles generated by homogeneous nucleation and reacted at 298 KAssignment of/z values to fragment ions and parent species
atmospheric pressure, and 0% RH. is presented in Appendix 3. Fragmentation of the assigned parent
species produced the majority of the spectral intensity at the
similar, indicating that the differences in the chemical composi- indicatednvz tracer values (cf. Appendix 3), although other
tions of inactive and active particles are small. Small changes, parent species made minor contributions to those signal intensi-
however, can be highlighted by a fractional difference plot ties, too.
between groups of averaged spectra (Figure 6). Fractional Figure 6 shows that, when the particles became CCN-active,
difference (\ny,) is given byAny, = (15, — I5)/12,,, wherel?,, the signal intensities having contributions from azelaic awid (
and I,?VZ are the signal intensities of the averaged spectra for a 124,+13.1%+=+ 5.4;m/z 152,+27.0%= 6.8) and from AAHP-
specificm/z value®® Mass spectra corresponding to the points 1* and AAHP-2* (m/z 127+14.1% 4+ 5.4, m/z 171, +27.4%
in Figure 3B havind-, > 0.9 (i.e., CCN-active) were averaged =+ 3.2) increased while those having contributions from 9-ox-
and taken as group A, while mass spectra ha¥png 0.1 (i.e., ononanoic acidrVz 144,—5.9%+ 4.8) and from AAHP-1 and
CCN-inactive) were placed in group B. The spectrum in Figure AAHP-2 (m/z109,—13.1+ 5.4;m/z119,—15.3%+ 9.5; 155,
5B was, therefore, included in group B and that of Figure 5C —15.0% + 1.1) decreased, where the percentage change and
in group A. Moreover, onlym/z values having signal-to-noise  the associated uncertaintyo(¥or each marker signal are given
ratios greater than 40 were included in the analysis. Spectrain parentheses. Therefore, an increase in carboxylic acid
within group A were indistinguishable from one another, at least functionalities (i.e., gain of AA, AAHP-1*, and AAHP-2*) and

5
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= 152 [] - AAHP-Z both contgin 9-oxononanoic acid_ as a monomer unit

el /7 155 (Figure 1), we believe that the conversions of AAHP-1 to

-@- mi 171 AAHP-1* and AAHP-2 to AAHP-2* were at least as important
- on a mass basis as the conversion of OA to AA.

Signal intensities at/z 43 and 44 are widely employed in
the AMS literature as indicators of the extent of organic particle
oxidation2055-57 so an expectation could be that an aldehyde-
to-acid conversion would be apparent as relative changes in these
peak intensities. Neither an increase in the signal intensity at
ke m/z 44, which is a common fragment oxo- and dicarboxylic

e acids (CQ"),5" nor a decrease at/z 43, which is a fragment
ood T A of oxidized organic molecules containing carbonyl groups
.......................... L ——— (C.H30™") and also of alkanes ¢El77),%” was detected, presum-
0.0 02 04 0.6 0.8 Lo ably because the magnitude of the change was small relative to
Activated Fraction the noise. The signal intensitiesratz 43 and 44 were intense
Figure 7. Signal intensities atwz 152, m/z 155, andm/z 171 for in all spectra (Figure 5), and the number of aldehyde function-
increasing CCN activated fraction. Signal intensities are normalized alities converted to carboxylic acid functionalities was small

to their values atF, = 0. Lines shown are to guide the eye. rejative to the total set of functional groups contributing to the
Conditions: 8320 ppmv ©and 0.66+ 0.06% supersaturation (cf. signal intensities atvz 43 and 44

Figure 3B).
Recent literature reports support the formation of oligomers

a decrease in aldehyde functionalities (i.e., loss of OA, AAHP- of Cz7 and greater in ozonized oleic acid sampfe®:%Direct
1, and AAHP-2) were associated with the increase in CCN detection of these oligomers in the Q-AMS, however, is not
activity. The structures of AAHP-1* and AAHP-2* are shown possible because their molecular ions, even if formed, would
in Figure 8. havem/z values beyond the upper limit of the scanning range

The association between CCN activity and the signal strengthsof the Q-AMS, namelynvz 390. Indirect detection of the
of AA (m/z 152), AAHP-1* and AAHP-2* (wWz 171), and oligomers is complicated by non-unique fragment ions; &bd
AAHP-1 and AAHP-2 (Wz 155) is explicitly shown in Figure larger oligomers are expected to form fragment ions identical
7. Not shown is that the signal intensities did not vary between to those of the & oligomers and the £monomer units.
the lower ozone exposures required to eliminate oleic acid and Contribution of larger oligomers to the signal intensities of
the higher ozone exposures for which the CCN activated fraction maker peaks may help to rationalize the nonuniform changes
was still zero. At a critical point, however, further increases in in the signal intensities of the marker peaks of a particular
ozone exposure resulted in increases in CCN activity (cf. Figure species upon particle activation (e.g., the intensitynat 124
3). In conjunction, the signal intensitiesratz 152/171 smoothly changes by+13.1%+ 5.4 compared te-27.0%+ 6.8 atm/z
increased while the signal intensity at'z 155 smoothly 152, both of which are markers of AA).
decreased, in agreement with the analysis presented for 36 \echanism of CCN Activation. The results clearly

Figure 6. . L show that a conversion of aldehydes to carboxylic acids by
The conversion of aldehydes to carboxyllzc acids is a slow ;onoysis is associated with increasing CCN activity. In this
but known reaction for high ozone expostité?Ozone reacts  goction. we consider why these chemical changes lead to
in the condensed phase approximately ifies slower with oo asing CCN activity. A first hypothesis is that ozonolysis

: A :
aldehydes than with alkeqéé, which is in approximate . [ncreases the amount of water-soluble material in the particles,
agreement with the observation that the ozone exposure require hich facilitates activation. A second hypothesis is that 0zo-

to eliminate _olei_c acid was 1000'f.0|d smaller than that necesfs‘"’.lrynonlysis produces surface-active species that reduce surface
for CCN activation. The mechanism for aldehyde ozonolysis is tension and thereby facilitat tivati
O . y facilitate activation.

shown in Figure &354A two-step evolution therefore leads to , ) o
CCN activation. The products shown in Figure 1 form in step V& €&n show, using our data set, that the first hypothesis is
1, but, upon further exposure, some of the aldehydes begin to"0t chemically tenable, as follows. "Kter theory can model
react with ozone. An alternate hypothesis that the chemical the activation of a particle composed of more-soluble and less-
pathways of step 1 change is ruled out because increasedsOluble organic moleculé$.The base case parameters of our
reaction time changed neither the activated fraction nor the masseXPerimental conditions are a dry diameter of 200 nm, a density
spectrum until a critical reaction time was reached. The concept ©f water (1.0 g cm?), and a surface tension of water (0.072 N
of the two-step chemical evolution is represented by the pie ™). Although the ozonized particle is a complex mixture of
charts in Figure 9. many components, azelaic acid (solubility of 0.0024 kg/kg

By calibrating the Q-AMS with commercially available solution¥® is the most soluble product, and, as a limiting case,
azelaic acid and 9-oxononanoic acid, we determined the masswe select it to represent the more-soluble organic molecules.
percent contribution of these molecules in both the CCN-inactive T0 represent the less-soluble organic molecules, we use the
and CCN-active aerosol particl&sAzelaic acid increased from  properties of stearic acid (solubility of 2.9 107 kg/kg
3—5% to 4-6% by mass upon activation. The corresponding solutionf0 to approximate the solubility of oleic acid. Figure
6% loss of 9-oxononanoic acid relative to a base yield of 30% 10 shows the modeling results for the base case as well as
by mas$®2lwas consistent with the increase in AA, suggesting several sensitivity tests. A critical supersaturation of 1.05% is
stoichiometric conversion of OA to AA. Because authentic predicted for the activation of 200 nm particles containing 5%
standards of the AAHP and SOZ compounds were not available,azelaic acid and 95% oleic acid (by volume, red line). This
we were unable to perform an analogous analysis for the signalscritical supersaturation is only slightly lower than that of pure
atmvyz 109 and 155 (AAHP-1 and AAHP-2) and 127 and 171 oleic acid (1.07%, dark blue line). As a limit of high-end
(AAHP-1* and AAHP-2*). Nevertheless, because AAHP-1 and solubility, pure azelaic acid particles are modeled to activate at

1.2

1.14

Normalized Signal Intensity
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Figure 8. Chemical mechanism showing the oxidation of aldehydes to carboxylic acids by Bz&h€&he conversion of aldehyde to acid
functionalities is associated with the increase in CCN activity observed for oleic acid aerosol particles at high ozone exposures. The meaning of the
shownm/z values is the same as in Figure 1.
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Figure 9. Representation of the chemical changes that occur upon activation of ozonized oleic acid aerosol particles. Aldehyde groups are oxidized
to carboxylic acid groups, transforming AAHP-1, AAHP-2, and OA into AAHP-1*, AAHP-2* and AA, respectively. The relative concentrations
represented in the pie charts are approximate.

1.05% supersaturation (not shown), assuming the surface tensioractivating droplets. AAHP-1* has a hydrophobic tail and a
of pure water. These modeling results, therefore, indicate that hydrophilic head, which are typical characteristics of surfactants.
an increased content of more-soluble material cannot aloneMoreover, the yield of AAHP-1 from the original oleic acid
explain the experimentally observed activation at Gt68.06% may be substantial (e.g., #15% on a carbon basf$)given
supersaturation. that SCha is a terminating group of oligomerizati#hand
Although the production of soluble species has a minor effect assuming that the yields of AAHPs exceed those of SOZs and
on the modeled critical supersaturations (viz. comparison of the diperoxides pathways in the carboxylic acid-rich reaction
light blue and orange lines, Figure 10), the lowering of the medium®374° The second hypothesis of decreased surface
solution surface tension through the production of surfactants tension accompanying the conversion of aldehydes to carboxylic
has a significant effect (viz. comparison of the red and orange acids is, therefore, a chemically reasonable explanation of the
lines Figure 10). A surface tension of 0.042.048 N n1? (black observations.
and green lines, respectively, of Figure 10) leads to activation
for the experimental conditions of 0.660.06% supersaturation
(gray area). In comparison, the surface tensions of saturated The results of this work show that the oxidative processing
aqueous solutions of azelaic acid (0.061 NYrand nonanoic (i.e., “chemical aging”) of aerosol particles can affect their
acid (0.030 N m?), which are products of oleic acid ozonolysis, CCN activity. A mechanism based upon surface tension
straddle this rang®®. Nonanoic acid does not appear to drive lowering is presented for the ozonolysis of oleic acid particles.
activation because its particle-phase concentration does notA qualitative summary of the chemical changes is shown in
change as ozone exposure increases. We believe that moleculeBSigure 9. Oleic acid, shown in the left panel, reacts in step 1 to
such as AAHP-1*, which is present in large quantities only in yield a mixture, shown in the center panel, of low-molecular-
the CCN-active particles, lower the surface tension of the weight primary products and high-molecular-weight oligomers.

4. Conclusions and Atmospheric Implications
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Figure 10. Kohler curves for the activation of 200 nm organic particles Figure A1. CCN activated fractionK,) for increasing dry mobility
composed of 100% OL with the surface tension of water (dark blue diameter of ammonium sulfate and sodium chloride calibration aerosols.
trace), 5% AA/95% OL with the surface tension of water (red trace), Data are shown for instrument temperature gradients 1 (6.3 K) and 2
100% OL with the surface tension of saturated aqueous AA (light blue (17.8 K). The intersection of a sigmoidal fit to a data set with the dashed
trace), 100% AA with the surface tension of saturated aqueous AA line atF, = 0.5 corresponds to a CCMctivation mobility diameter
(orange trace), 5% AA/95% OL with a surface tension of 0.048 ' m  given in Table 1. Nonzero activated fractions at diameters significantly
(green trace), and 5% AA/95% OL with a surface tension of 0.042 N smaller than the diameters Bf = 0.5 correspond to multiply charged
m~! (black trace). The gray range shows the supersaturation of the particles exiting DMA #2. Data are normalized fig = 1.0 at large
experimental measurements (i.e., 0£60.06%). The AA and OL diameter.

concentrations in the activating particles are limited by their aqueous
solubilities (2.4x 1072 and 2.9x 107% kg/kg solution, respectively’f.
Droplets are assumed to have the density of pure water at activation.
Negligible interactions between aqueous AA and OL are assumed.
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ated organic molecules, nevertheless remains CCN-inactive up .
to ozone exposures of 0.01 atm s, which is more than one dISCUSSIONS.
hundred times the exposure required to completely consume . L
the oleic acid. Upon further ozone exposure, in step 2, aIdehydeAppend'X 1. CCNC Calibration
groups on 9-oxononanoic acid, AAHP-1, and AAHP-2 react  The calibration of the DMT CCNC instruméft’was carried
directly with ozone to form carboxylic acids (right panel). Our out by associating applied temperature gradients with the
analysis concludes that this conversion of aldehydes to acidsobserved activation of calibration salts and their respective
dramatically enhances the CCN activity of the particles becausetheoretical supersaturations. An atomizer (TSI, 3076) was used
surface-active molecules such as AAHP-1* are formed. to generate an aerosol flow of either NaCl or (N$O,
These laboratory findings begin to provide a mechanistic and particles in nitrogen. This flow was diluted 10-fold, effloresced
guantitative basis for further thinking on oxidative chemical at less than 5% relative humidity in a diffusion dryer, passed
aging reactions active in the troposphere, and two main through a®°Kr bipolar charger, and size selected using a DMA
implications are apparent. (1) Organic compounds bearing (TSI, 3081). The aerosol flow was 0.8 Lpm, and the aerosol-
aldehyde functionalities occur in diverse populations of atmo- to-sheath flow ratio was 1:10. The flow of monodisperse
spheric aerosol particl@g81.62 Aldehyde-to-carboxylic acid  particles (106-1000 cnv3, 1.06 geometric standard deviation)
conversion by ozonolysis may therefore be a chemical aging was split for sampling by a CPC (TSI, 3025) and the CCNC.
mechanism having widespread applicability. (2) Only small  Inside the CCNC, the particles passed through a wetted,
changes in chemical composition are necessary to alter thevertical, cylindrical column, in which a well-defined supersatu-
aerosol CCN properties. For example, approximately 6% of the ration was established by a temperature gradient along the
9-oxononanoic acid by mass was converted to azelaic acid uponcenterline of the columff47 Aerosol was sampled into the
activation. A similar mass-based conversion of AAHP-1 and CCNC at 0.05 Lpm and the total flow through the column was
AAHP-2 to AAHP-1* and AAHP-2* also occurred. Thus, the 0.5 Lpm. An optical particle counter positioned at the outlet of
slow conversion of aldehydes to carboxylic acids over the the column detected and classified the particles into optical-
lifetime of atmospheric particles may plausibly transform them diameter bins ranging from 0.75 to 10n. Particles having
from CCN-inactive to CCN-active, especially in the case that optical diameters larger thanidn were considered activated.
surface-active products form. In addition to the chemical aging  The activated fractionH;) was calculated as the number
mechanisms explored in this study, physical aging also occursconcentration of activated droplets counted by the CCNC
in the atmosphere when soluble material, such as sulfate, nitratedivided by the total number concentration counted by the CPC.
or secondary organic aerosol, collects on the particles by The activation diameter, defined as the dry diameter for an
coagulation or condensation. Further laboratory studies of both activated fraction of 0.50, was measured for increasing dry

physical and chemical aging are well warranted. mobility diameter (Figure A1) and is given in Table 1 for each
calibration condition.
Acknowledgment. This material is based upon work sup- The temperature-gradient-to-supersaturation calibration was
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TABLE 1: CCN-Activation Mobility Diameters (Based on TABLE 2: Supersaturations Calculated from the Activation
the Inflection Point of the Sigmoidal Fits Shown in Figure Mobility Diameters Given in Table 1 and Equations Al to
11) of Ammonium Sulfate and Sodium Chloride Calibration A2
Aerosolst - .
effective supersaturation
activation diameter gradient 1 gradient 2
gradient 1 gradient 2 (NH2);SO;. @ = 1,5 = 1.00 0.27110 0.292% 0.898 to 0.966%
(NH4),SO;  63.5+ 1.6 nm (68+8)  28.6+ 0.7 nm (30+ 3) (NH4):SQy = 1.00 0.29910 0.323% 1.05to 1.14%
NaCl 50.9+ 1.2 nm (514+3)  23.0+ 0.6 nm (23+ 1) *(NH 4),SQy, 7 = 1.02 0.308t0 0.334% 1.09to0 1.18%
aUncertainties are based on the absolute accuracy of the classifier*l\kJlCI 0:336100.361% 1.12101.21%
Yy manufacturer’s calibration 0.30% 1.00%

performancé’ The values in parentheses are the ranges of activation _ _

diameters reported in the literat@teassuming that the applied (NH2)2SQ,, @ =1, =1.00)

temperature gradients 1 (6.3 K) and 2 (17.8 K) in the CCN instrument  #The supersaturation range corresponds to the upper and lower limits

correspond to 0.3% and 1.0% supersaturations, respectively (i.e.,of particle diameters given in Table 1. Results are also shown assuming

manufacturer’s calibration). spherical ¢ = 1.0) and slightly nonsphericay (= 1.02) ammonium
sulfate particleg? The entries we recommend are marked by asterisks.

activation diameters given in Table 1 with critical supersatu-

rations. The Kbler model of Brechtel and Kreidenweis for

aqueous droplet§ incorporating a form of the Pitzer osmotic ~ zation and subsequent efflorescence are slightly nonspherical

coefficienf* for water activity, was employed as follows: when preparedy(= 1.02)3° We therefore employ = 1.02 for
our calibration, although we also include a comparisop to

_ 10 4oM,, | AL 1.00 because this value is widely assumed in the literature.

ST ay ex RTp,,D, (A1) Sodium chloride particles prepared by our method are cubic,

having a shape factor of 1.08 at low Knudsen number (Kn) and
wheres (%) is the supersaturation relative to a plane of liquid 1.24 at high Krf® For a DMA operated at 1 atm, the condition
water,a,, is the water activity of the solutiow;, is the solution- holds that 0.1< Kn < 10, and in this case the intermediate
vapor surface tensiolV,, is the molecular weight of pure water, shape factor is calculated by interpolatfnFor mobility
R is the universal gas constart,is the solution temperature, diameters of 23 and 51 nm, as given in Table 1 for cubic NaCl
pw is the density of pure water, a2k is the aqueous particle particles, the corresponding values are 1.23 and 1.18,
diameter. The critical supersaturatigof activation is the value respectively.

of s for which the conditionds/aDaq = O is satisfied. Equations Al to A5 together defing(Dmany). For the
The Raoult term in eq A1l is calculated as follows: calibration, the activation diameters of Table 1 therefore indicate
the supersaturation inside the CCNC. Results are shown in Table
a, = exp(—M,vyPdm) (A2) 2. For comparison, the settings of the CCNC manufacturer

included in the instrument’s software at these same temperature
wherev is the number of ions from the dissociation of one solute gradients correspond to 0.30% and 1% supersaturation. Although

molecule (i.e.y = 2 for NaCl andv = 3 for (NH4)>SOy), @ is the manufacturer carried out a similar calibration as ours, the
the osmotic coefficient, anoh is the solution molality. For the  analysis differed in that only (NBL.SOy particles were studied
osmotic coefficient, we employ: and® = 1 andy = 1 were assumed in eqs A2 and A5,

respectively. The uncertainty of the calibration stems in our

AJY.C analysis from the uncertainty associated with the activation
o=1- \/5— + 2YCBy (A3) diameter and, hence, ultimately with classifier performdtice.

+ bpit YiC The conclusion from the results shown in Table 2 is that a

laboratory recalibration of the instrument after delivery from

where ¢ = 1000nMy/ps and A, bii, Ya, Yo, Yo, and fio are the manufacturer is recommended.

parameters as given by Brechtel and Kreidenf&is.

The Kelvin term in eq A1 depends on the aqueous particle
diameter, which is related to the volume-equivalent dry diameter
Dve,ary by the dry particle densitys, the weight fractiona; of
the salt solute in the solution, and the density of the aqueous An activated fraction of 0.5 was observed at a mobility

Appendix 2. CCN Activity of Oleic Acid Atomized from
Methanol

particle paq as follows®® diameter of 195 nm for unreacted oleic acid aerosol particles
generated from the atomization of methanol solutions. CCN

| s s activity in this case, considering the absence of CCN activity

aq ™ M ve,dry (A4) for oleic acid particles generated by homogeneous nucleation

or atomization from ethyl acetate, implies that some methanol,

for which wi = mMY(1 + mMy), whereMs is the molecular which acts as a solute, was retained by the particles despite

weight of the solute. passage through an activated-carbon diffusion dryer. Morris et

The volume-equivalent dry diameter is related to the dry al. reported thgt aerosol particles generayed in a nearly identical
mobility diameter Dim,an) (i.€., the size classified by the DMA) = manner contained 2% methanol by wei§tEnhanced CCN

by a shape factonyj for non-spherical particles: activity’® and increased hygroscopicifyof oleic acid prepared
from methanol solutions have also been reported in the literature.
XCe(Drm.ar)Dye ary = Cc(Dye aryPrm.ary (A5) The activation diameter decreased from 195 to 183 nm upon

exposure to 0.004 atm s of ozone. In the absence of methanol,
whereC, is the Cunningham slip correction. The shapes of salt particles were still CCN-inactive at this ozone exposure (see
particles depend on their method of preparation and the main text). Criegee intermediates react with alcohol functional
subsequent relative humidity history, among other factdrs. groups to forma-alkyloxyalkyl hydroperoxide8! and these
Ammonium sulfate particles prepared by our method of atomi- reaction products were present in the mass spectra of the
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TABLE 3: Pairwise Correlation Coefficients for Selectedm/z Signal Intensities in the Mass Spectra Associated with the Data of
Figure 3B2

m/z 81 82 85 87 93 96 97 109 111 123 124 125 141 144 152 153 155 159 171 173

81 1 - - — 0.813 — - 091 - - - - - - - - 0.863 0.752 — 0.785
82 - 1 - - - 0.773 — - - - - - - - - - - - - -
85 -— - 1 - - - 0.747 — - 0.806 — 0.714 — - - 0.751 — - 0.829 —
87 -— - - 1 - - - - - - - - - - - - - - - -
93 0.814 — - -1 - - 0.908 — - - - - - - - 0.863 0.766 — 0.863
9% - 0.773 — - - 1 - - - - - - - - - - - - - -
97 - - 0.747 — - - 1 - - 0.871 — 095 - - - 0.899 — - - 0.751
109 091 - - — 0.908 — - 1 - - - - - - - - 0.967 0.805 — 0.874
111 - - - - - - - - 1 - - - — 0.804 — - - - - -
123 — - 0.806 — — - 0.871 — - 1 - 0.865 — — - 0.806 — - 0.871 —
124 — - - - - - - - - - 1 - - - 0.902 — - - - -
125 — - 0.714 — - - 095 -— - 0.865 — 1 - - - 0.895 — - - 0.774
141 — - - - - - - - - - - - 1 - - - - - - -
144 — - - - - - - - 0.804 — - - - 1 - - - - - -
152 — - - - - - - - - - 0.902 — - - 1 - - - - -
153 — - 0.751 — - - 0.899 — - 0.806 — 0.895 — - - 1 - - - 0.703
155 0.863 — - — 0.863 — - 0.967 — - - - - - - - 1 0.82 - 0.83
159 0.753 — - — 0.766 — - 0.805 — - - - - - - - 082 1 - 0.814
171 — - 0.829 — - - - - - 0.871 — - - - - - - - 1 -
173 0.785 — - — 0.863 — 0.752 0.874 — - - 0.774 — - - 0.703 0.83 0.814— 1

aDashed entries indicate that the correlation coefficient is less than 0.7.

particles (not shown). These products, however, are expectedalso fragments atvz 171 because there is no source of SOZ-2
to have lower water solubility and thus be less CCN-active than in the particles once the SCls are consumed. The ozonolysis of
methanol. We therefore hypothesize that the observed reductiorthe aldehyde groups of AAHP-1 and AAHP-2 to form AAHP-

in the activation diameter arises from the generation of surface- 1* and AAHP-2*, respectively, should produce additional

active species upon ozonolysis. spectral intensity am/z 171 (Figures 8 and S1). On the basis
of our correlation analysis, we believe that the increasa/in
Appendix 3. Fragment lon Analysis 127 upon activation is attributable to an increase in AAHP-1*,

As a result of high-temperature vaporization and electron-
impact (EIl) ionization, extensive molecular fragmentation of
parent species occurs in the Q-AMS, and multiple products
formed during the ozonolysis of oleic acid have the potential
to form identical fragment ions. A summary of parent species
and their ion fragments is given in Figure S1. Four sources of
information were used to assign/z values to fragment ions
and their parent species, including: the El Q-AMS mass spectra
of authentic standards of AA, NN, OA, and Gfthe thermal- ) R“dickhaY'Chem' R?. I3003 103 5%9_7.
desorption particle beam mass spectromelry results of Zi- . 2 G\ anDingenen. . Ervens, B, Nenes, A Nicison,
emanry agtatlstlcal analysis, by us, of mass spectra generatedc. J.; Swietlicki, E.; Putaud, J. P.; Balkanski, Y.; Fuzzi, S.; Horth, J,;
under varying exposure conditions; and standard rules of El Moortgat, G. K.; Winterhalter, R.; Myhre, C. E. L.; Tsigaridis, K.; Vignati,
fragmentatiorf8 E.; Stephanou, E. G.; Wilson, Atmos. Chem. Phy2005 5, 1053.

ot ; ; ; (3) Koch, D.J. Geophys. Re2001, 106, 20311.
Statistical analysis of spectra collected for increasing ozone (4) Cooke, W. F.: Wilson. J. J. N Geophys. Re4996 101, 19395.

exposure allows the identification of covarying’z signal (5) Chung, S. H.; Seinfeld, J. K. Geophys. Re£002 107, 4407.
intensities. Signals that covary can indicate ion fragments from  (6) Morris, J. W.; Davidovits, P.; Jayne, J. T.; Jiminez, J. L.; Shi, Q.;
the same parent species or, alternatively, molecules with g&% <239E13 \5/V70rsn0p, D. R.; Barney, W. S.; Cass,&ophys. Res. Lett.
|dent!cgl time rat_es_of ch_ange. Signals hav!ng low correlation (7) Moise, T.: Rudich, Y.J. Phys. Chem. A2002 106 6469.
coefficients can indicate ion fragments of different molecules. (8) Katrib, Y.: Biskos, G.: Buseck, P. R.; Davidovits, P.; Jayne, J. T.:
The correlation matrix is given in Table 3. Oniwz values Mochida, M.; Wise, M. E.; Worsnop, D. R.; Martin, S. J. Phys. Chem.

greater than 75 and having signal-to-noise above 40 wereA- 2005 109 10910.
included in the analysis. (9) Hearn, J. D.; Smith, G. DPhys. Chem. Chem. PhyX05 7, 2549.

. 10) Thornberry, T.; Abbatt, J. P. [Phys. Chem. Chem. Phy&004 6,
Table 3 shows a strong correlation betwe&n 109 and 155. 84.( ) Y Y o

Ziemann reports that the signals at 109 and 155 peaks are almost (11) Finlayson-Pitts, B. J.; Pitts, J. Bhemistry of the Upper and Lower
entirely due to AAHP-2! Ziemann further reports that AAHP-2 Atmosphere: Experiments and ApplicatipAsademic Press: New York,
is not present in high yield based on the Weak, ir_]t,enSima.t (12) Asad, A.; Mmereki, B. T.; Donaldson, D. Atmos. Chem. Phys.
189 peak. We believe that AAHP-2 could form initially in high 2004 4, 2083.
yield but further react by oligomerization at its carboxylic acid (13) Broekhuizen, K. E.; Thornberry, T.; Kumar, P. P.; Abbatt, J. P. D.
group (a pathway unavailable to AAPH-1) and therefore J: aetl()Jp:)éerF\z?]Q%O"‘L]éc\)lzttD?%QGS.mith G Bhve. Chem. Chem. Phvs
ultimately be present at low concentrat®frAAHP-2 may also 2005 7, 501. T e P ’ ST
fragment avz 109 and 155 (Figure S1), and the formation of (15) Hearn, J. D.; Smith, G. Dl. Phys. Chem. 8004 108 10019.
these fragments may be favored over the formatiom/af189. (16) Katrib, Y.; Martin, S. T.; Hung, H.-M.; Rudich, Y.; Zhang, H.;
Ziemann attributes thevz 171 peak almost entirely to SOZ- f('%b'ii i.og.égggldowts, P.; Jayne, J. T.; Worsnop, DJRPhys. Chem.
?-21 The increased yield afvz 171 in the CCN-active particles (17) Katrib, Y.; Martin, S. T.; Rudich, Y.; Davidovits, P.; Jayne, J. T.;
implies that another molecule present in the CCN-active particles Worsnop, D. RAtmos. Chem. Phy2005 5, 275.

Supporting Information Available: Figure S1 showing
fragment ion structures consistent with the obsemwé&dvalues
and a table of the fractional difference values corresponding to
Figure 6. This material is available free of charge via the Internet
at http://pubs.acs.org.
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