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The composition of secondary organic aerosol (SOA) from the ozonolysis-@E§tycloalkenes and-pinene,

as well as the effects of hydrocarbon precursor structure and particle-phase acidity on SOA formation, have
been investigated by a series of controlled laboratory chamber experiments. A liquid chromategnagky
spectrometer and an ion trap mass spectrometer are used concurrently to identify and to quantify SOA
components with molecular weights up to 1600 Da. Diacids, carbonyl-containing acids, diacid alkyl esters,
and hydroxy diacids are the four major classes of low-molecular-weight (M260 Da) components in the

SOA,; together they comprise 483% of the total SOA mass, assuming an aerosol density of 1.£glom
addition, oligomers (MW> 250 Da) are found to be present in all SOA. Using surrogate standards, it is
estimated that the mass fraction of oligomers in the total SOA is at least 10% for the cycloalkene systems
(with six or more carbons) and well over 50% for ttaginene system. Higher seed particle acidity is found

to lead to more rapid oligomer formation and, ultimately, to higher SOA yields. Because oligomers are observed
to form even in the absence of seed particles, organic acids produced from hydrocarbon oxidation itself may
readily promote acid catalysis and oligomer formation. The distinct effects of carbon numbers, substituent
groups, and isomeric structures of the precursor hydrocarbons on the composition and yield of SOA formed
are also discussed.

Introduction studies have identified a number of SOA components with
various functional groups, polarities, and volatilities, it is
generally unclear how factors such as carbon number, presence
S%L absence of double bonds, and presence or absence of alkyl
. . e bstituent groups affect both resultant SOA amount and
into the particulate phasePredicting the amount of SOA that composition. Of course, answers to these questions lie in

results from atmospheric oxidation of particular organic mol- . . o
. o understanding the mechanisms of gas-phase oxidation of the
ecules has proven challenging because (1) oxidation pathways

for the relatively larger parent organics that lead to SOA are g]zjler(?a;n?g:]rsoi:;%org. kﬁ\e S CV(\)/; r:g)t(edoik;o;e, :2:;? ics)‘xgatl:c;ré
not well established, and (2) current analytical techniques, piex. pp

especially when a single method is used, commonly fail to measurgd SOA yields and compositipns asameans to infer the
identify many SOA components. Traditional techniques such mechanisms that lead to SOA formation. By selecting precursor

as gas chromatographynass spectrometry (GEMS) can hydrocarbons that vary structurally in a determined manner, it

typically resolve only about 10% (by mass) of total atmospheric is possible to infer hc_)w st_ructural di_fferences in pare_nt
aerosol organic:* hydrocarbons translate into differences in the SOA formation

Recent work has made substantial progress in achieving apathways. It is this approach that we follow in the present work.

better mass closure of SOA, for example, by using-GCS The traditional view of SOA formation is that gas-phase
with a double derivatization techniq@é However, the tedious ~ Oxidation of the parent hydrocarbons leads to multifunctional,
derivatization procedures risk sample contamination and/or loss,/ow-volatility products that partition themselves between the
and they are compound-specific only. Intrinsically, a substantial 9as and aerosol phase3he partitioning is strongly affected
fraction of SOA components, such as the least volatile and very by temperature and, to a somewhat lesser extent, by the phase
polar, may readily evade detection by G®IS, either by never state of the aerosol. Because of the lack of direct information
eluting off the column or decomposing during the analysis. to the contrary, it had been assumed that, once in the aerosol
Therefore, an analytical method that can preserve molecularphase, the oxidation products did not react further and that the
integrity and capture the main feature of SOA composition, amount of SOA formed depended entirely on the gas-particle
especially the very polar and less volatile species, is desirable.partitioning.

Another major issue is to understand the relationship between Recent discoveries show that once the gas-phase polar
the structures of the parent molecule and the amount andoxidation products condense into the aerosol phase particle-
composition of SOA subsequently formed. Although previous phase reactions may take place. First, it was demonstrated that
acid-catalyzed heterogeneous reactions can déamd second,

* Corresponding author. Email: seinfeld@caltech.edu. the presence of oligomers in the aerosol phase was sHown.

Secondary organic aerosol (SOA) is formed when the
atmospheric oxidation of organic species leads to compounds
of increased polarity and decreased vapor pressure that conden
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A consequence of heterogeneous chemistry and oligomer20 °C. Aerosol number concentration, size distribution, hygro-
formation is that species that partition between the gas and scopic growth, and hydrocarbon mixing ratio were continuously
aerosol phases are converted to larger compounds of extremelymeasured. Particle loss to the chamber wall was accounted for
low volatility, thereby locking these compounds into the aerosol in the analysis of the SOA yield data. More details on these
phase and increasing the SOA yield over that in the absence ofindividual measurements and chamber characteristics can be
heterogeneous chemistry. found in Keywood et al®

Consequently, fundamental questions arise: Are acids re- A series of cycloalkene ozonolysis experiments were carried
quired for heterogeneous reactions and the associated increaseout with the cycloalkene mixing ratio ranging from about 50 to
SOA vyields? If so, what types of acids? Are heterogeneous 300 ppb and the ozone mixing ratio three times that of
reactions directly responsible for the formation of oligomers? cycloalkene to ensure adequate oxidation. Detailed experimental
Are oligomers ubiquitous in atmospheric organic aerosols?  conditions are given in Keywood et ®.In each experiment,

The major classes of parent hydrocarbons responsible forteflo membrane filter samples (PALL Life Sciences, 47-mm
SOA formation are alkenes and aromatics. Whereas atmospherigliameter, 1.Q:m pore size) were collected at similar elapsed
aromatics are almost entirely anthropogenic in origin, alkenes time (~4—5 h) from the onset of ozone injection and for a
arise from both anthropogenic and biogenic sources. On a globalduration of about 24 h, depending on the amount of SOA
basis, it is estimated that the predominance of SOA results from generated. During filter sampling, the parent hydrocarbons had
biogenic terpeneX. The oxidation of alkenes (including terpe- already been completely consumed and the aerosol volume had
nes) includes reactions withsOOH, and NQ. For a number reached its maximum value. In the casexgbinene ozonolysis,
of these alkenes, reaction withs @ a dominant path. From a  we carried out seven pairs of “nonacid” and “acid” experiments,
mechanistic point of view, gas-phase @xidation should be differing only by the absence or presence of externally added
less complex to unravel than photooxidation in the presence of H.SO; in the seed particles, in the two chambers in parallel,
NOy. With the goal of understanding the effects of hydrocarbon with all other conditions held identical. In each pair, filter
structure and particle-phase acidity on SOA formation, we report samples were collected at nearly the same elapsed tintesq
here on a series of controlled experiments carried out in h) from the onset of ozone injection and for nearly the same
Caltech’s dual laboratory chambers. We focus on the cyclo- duration (-1—2 h). Theo-pinene mixing ratios ranged from
alkenes with carbon number 5 and greater; these compoundsl2 to 135 ppb (Figure 9), whereas the ozone mixing ratio was
are known to form SOA and, through choice of compounds, two times that ofa-pinene. In all experiments, the number
key structural factors such as the locations of double bonds andconcentration of the initial seed particles was about 20 00 cm
of alkyl substituent groups can be varied to determine the effectsand the size distribution had a mean diameter of 800 nm.
of these factors on SOA formation. Each filter was extracted in 5 mL of HPLC-grade methanol

Seven cycloalkenes with 5 to 8 carbon numbers, serving asby sonication. The extract solution was then blown dry under a
model compounds for many atmospheric hydrocarbons bearinggentle stream of Nand reconstituted by 1 mL of 0.1% acetic
similar molecular skeletons, were reacted with ozone under darkacid in water solution with 50% methanol. A portion of this
conditions. We employ liquid chromatographyass spectrom-  filter extract was analyzed by a Hewlett-Packard 1100 series
etry (LC—MS) in tandem with ion trap mass spectrometry LC—MS system mainly to identify and quantify low-molecular-
(ITMS) to analyze the molecular composition of SOA formed weight species (roughly, MW 250). The electrospray ioniza-
and to explore the relationship between the SOA composition tion (ESI) mode of the quadruple MS was optimized so that
and hydrocarbon precursor structure. The overall yields of SOA carboxyl-containing species had the highest sensitivities. A
formed in these systems and their relationships with precursor Nova-Pak Gg column (300x 3.9 mm, Waters) was used. The
structures are discussed elsewhére. addition,a-pinene, one eluents were 0.1% acetic acid in water solution (A) and methanol
of the most common biogenic hydrocarbons, was reacted with (B), with B programmed from 25 to 60% in 15 min. Another
ozone under a set of controlled conditions to study the explicit portion of the filter extract was analyzed by a Finnigan LCQ
effect of aerosol acidity on the amounts and composition of ion trap mass spectrometer (ITMS) to identify species with
SOA formed and to explore the possible ubiquity of oligomers molecular weights up to 1600 Da and to capture the overall

in atmospheric aerosols. feature of SOA composition, including high-molecular-weight
species. Both negative and positive (Nadded) ion modes of
Experimental Section the ITMS were carried out so that compounds of different acidity

and polarity could be detected. In addition, specific ions of

All experiments were carried out under dark conditions in jnterest were isolated from the rest of the sample matrix in the
Caltech’s dual 28-mTeflon chambers. Salt solutions were first ITMS and were further fragmented to produce tandem MS

nebulized into the precleaned chamber to form s_eed aerosolsaiding structure elucidation.
For cycloalkene ozonolysis, dry (NHSOy seed particles were
generated from a 0.03 M salt solution. FEepinene ozonolysis,
wet MgSQ and (NH,),SO, seed patrticles, and the corresponding
particles from acidified solutions, were generated in most cases. 1. Low-Molecular-Weight (low-MW) Components of SOA

A few dry seed particle experiments were also carried out for from Cycloalkene Ozonolysis.Seven cycloalkenes (Table 1),
comparison purposes as well as a few experiments in the absenceyclopentene, cyclohexene, cycloheptene, cyclooctene, 1-me-
of any seed patrticles. The Mgg@nd (NH,),SO, solutions were thylcyclopentene, 1-methylcyclohexene, and 3-methylcyclohex-
0.03 M each, with their acidified counterparts containing 0.03 ene, at initial mixing ratios from 25 to 300 ppb, were reacted
M salt and 0.05 M HSO,. Cyclohexane was then injected into  with ozone in the laboratory chambers described above. Because
the chamber to act as a hydroxyl radical scavenger, followed the low-MW species (MW< 250) in SOA from a-pinene

by hydrocarbon and ozone injections. The relative humidity was ozonolysis have previously received rather extensive attention
maintained at about 5% (dry chamber) for the cycloalkene in the literaturel®-18 discussion of those species in this system
experiments and 55% (humid chamber) for thepinene is not reiterated. In addition, because of the similarity of the
experiments. The temperature was always maintained at aboutSOA products of cyclooctene to those of the nonmethylated

Results and Discussion
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TABLE 1: Molecular Structures of Precursor Hydrocarbons we rely on known reaction mechanisms, albeit speculative, to
Investigated in This Study assign an isomeric structure to represent these isomeric com-
Precursor Molecular Structure Precursor Molecular Structure ponents For examp|e in the SOA from Cyclohexene ozonolysis
Hydrocarbon Hydrocarbon o ! . . X !

a peak eluting closely~0.5 min) after 5-oxohexanoic acid (for
Cyclopentene . Liznigtyelm cH which the standard is available) and having the same MW is
@ veop @ : identified as 6-oxohexanoic acid (for which a standard is not
available). For nonmethylated cycloalkenes, reaction mecha-
Cyclohexene T-methyl on nisms point to the formation of ozonolysis products _with
cyclohexene s carbonyl and carboxyl groups at the end, rather than in the
middle, of the carbon chaff® Although it is crucial to know

— exact structures of isomeric species to deduce reaction pathways,
3-methy’

cyclohexene these isomers, with major functional groups being the same,
@ @CHs are expected to play more or less identical roles in aerosol and

Cycloheptene

cloud-related processes.
a-pinene The mass concentration of each identified low-MW compo-

Cyclooctene

nent in SOA was quantified with the corresponding standard’s
calibration curve. If a standard is not available, then a surrogate
standard is chosen that has both similar MW and major
functional groups. The identified and quantified low-MW

species in a typical SOA in the six hydrocarbon systems are
listed in Tables 27. The mass yield of a SOA component is

defined as its mass quantified relative to the mass of the

4 ->consumed hydrocarbon. On the basis of the major functional
and cyclooctene. After blank correction, each chromatographic . : .
roups in the molecules, these species are grouped into four

peak represents at least one SOA species. Because of the Iargc asses of compounds, that is, diacid, diacid alkyl ester, hydroxy
number of SOA components, however, some peaks are convo-

. . diacid, and carbonyl-containing acid. The molecular structures
luted in the TIC to various extents. To deconvolute these peaks . ; : .

. . . and molecular weights of all these species are listed in Table
(thus identify components) and to accurately quantify each S (Supporting Information), and are also grouped into these
species, extracted ion chromatograms (EIC) can be generate our clgjspses ng com ounds, Kalberer ef ai?so sﬁudied the
from the TIC for individual ions based on their mass-to-charge composition of SOK from. cvclohexene ozonolvsis under
ratios (z), as can be seen in Figure 2, where the TIC and EIC P y y

of the extract of SOA from cycloheptene ozonolysis are shown. somgw_hat 5|m|Ia_r conditions using a well-developed-hs
For illustration, only the ions witmvz of 145, 185, and 243 speciation technique. Among the most abundant SOA compo-

L ; e 1 ts, seven species were identified and quantified in both
are shown here, although 20 species in total are identified in nen ; . .
this system. Positive identification is based on the matching of Kglberer et. af and this yvgrk. The molar ylel.d.s (%). for adipic
(1) retention time and (2)n/z of standard compounds with acid, glutapc acid, succinic amgl, hydroxyadipic aC|d', hyqlroxy-
chromatographic peaks. Under optimal electrospray ionization glutaric acid, 6-oxohexanoic acid, and 5-oxopentanoic acid were

conditions, all 30 standard compounds are detected in the form0'7|f')' 0.69, Oﬁl4,d0.97’ 1.99, 0.39, and 0.39%, respectively, (ijn
of their molecular ions [M— 1]~ and display no or minimal Kalberer et ak and were 0.89, 0.64, 0.05, 0.04, 0.16, 0.12, an

fragmentation. Table 1S (Supporting Information) lists the O-32%. respectively, in this work. Except for the two hydroxyl
standard compounds calibrated, thiz of each molecular ion, diacids, which have large uncertainties (to be discussed later),
and the average and standard deviation of the corresponding€ tWO Sets of measurements agree reasonably well.
retention time from at least three sets of calibrations on different  In the cyclopentene, cyclohexene, 1-methylicyclopentene, and
days. The reproducibility of retention times is mostly within 3-methylcyclohexene systems, a small amount of Cdiacid
0.05 min and never exceeds 0.1 min. Most species, therefore,was identified in the SOA from the ozonolysis of (1 being

can be chromatographically separated cleanly, and in the caseshe total carbon number) hydrocarbon precursor. In addition,
where there is an overlap of retention times, riiteoften allows Cn +2 diacid was identified in cyclopentene, cyclohexene, and
definitive identification, such as malonic acid, 2-oxoglutaric acid, 1-methylcyclopentene systems at lower abundance than the
and 2-ketogulonic acid. The standard compounds represent &n+1 diacid, and a minimal amount of .G 3 diacid was
wide range of polarity and carbon numbers, from which a set identified in SOA from 1-methylcyclopentene ozonolysis.
of rules-of-thumb are deduced with regard to their retention Previous studi¢82°have shown that various carbonyls are gas-
times. For example, for homologous compounds, the retention phase products from alkene and cycloalkene ozonolysis; for
time becomes longer as the carbon number increases. For th@xample, from cyclopentene ozonolysis, glyoxad)(@ropanal,
same carbon number, the elution sequence from earliest to latesand butanal were produced with yields of 0.15, 0.04, and 0.12,
is carbonyl diacid, hydroxy diacid, carbonyl monoacid, and respectively. From cyclohexene ozonolysis, pentanal, butanal,
diacid. G and G diacids commonly elute about 1 min earlier and formaldehyde were produced with yields of 0.16, 0.03, and
than their methyl ester isomers, which, in turn, elute about 1 0.02, respectively. In addition, formaldehyde, acetaldehyde, and
min earlier than their ethyl ester isomers, whereas fodi€cid, propanal were produced from ozonolysis of ©© C; linear

this interval decreases to 0.8 min. On the basis of these rulesalkenes with yields from 0.02 to 0.082°From G, cycloalkene,

and some extrapolation, we are able to assign identities to manyozonolysis would initially lead to an excited Criegee intermedi-
species with no standards matching their retention times. Someate (G,). With the presence of small carbonyls in the reaction
isomers can be separated by their different retention times, suchsystem, both the excited and stabilized Criegee intermediate can
as 2-oxoadipic acid and pimelic acid. However, some isomers react with these carbonyls to form secondary ozonides, which
elute at nearly the same retention time; in some cases, one ofmay further rearrange or decompose to form the ¢ C, + 2,

the isomers does not have the standard available. In such casesnd G, + 3 diacids observed.

Cs, Cs, and G cycloalkenes, we will not discuss the cyclooctene
system in detail here.

Figure 1 shows the total ion chromatograms (TIC) of SOA
filter extracts from cyclopentene, cyclohexene, cycloheptene,
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Figure 1. Typical total ion chromatograms of SOA from the ozonolysis of cycloalkenes.

Diacid methyl and ethyl esters were also identified in SOA whether and in what phase this reaction takes place requires
from the ozonolysis of all six cycloalkenes. Standard runs have further study.

confirmed that these compounds do not result from the methanol  \ye next discuss the relative abundance of identified SOA

! N : ncomponents in the six cycloalkene ozonolysis systems. Table 8
pathways |n\(ol\_/ed. One is ;lmllar_to the fqrmatlon af+G, ... shows the mass percentage of each class of compounds in the
Cn+2, Cn+ s diacids, where Criegee intermediates can react with 4o vified low-MW SOA species for the six systems. Rather
small carbonyls to form secondary ozonides. However, rear- )
rangement or decomposition of ozonides may lead to the constant p_erc_entages are obseorved from sy_ste_m to systgm. on
formation of esters, rather than diacids. Another possibility arises average, diacids comprls:e_697 /°.’ hydroxy (_1I|aC|ds comprise
from the recent discovefythat a G peracid (RC(O)OOH) is S = 4%, carbonyl-containing acids comprise 53%, and
a gas-phase product from cyclohexene ozonolysis. The well- diacid alkyl esters comprise 1t 7% of the total identified
known BaeyerVilliger reaction between a peracid and a 0W-MW species. ¢ or G- diacid is consistently the most

carbony?2 would lead to the formation of an ester abundant species, followed by either other diacids, or hydroxy
Cn diacids, or G esters. Together, £C, - 1, and G, + 1 diacids
RC(0O)OOH+ R'C(O)R’' — RC(O)OH+ R'C(O)OR’ comprise 62+ 9% of the total identified low-MW species. This

implies that there are stable, dominant reaction pathways of
Following this reaction, some carbonyl products discussed earlier cycloalkene ozonolysis leading to the formation of these diacids,
may lead to the formation of methyl and ethyl esters. However, as speculated by earlier wotk3
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Figure 2. Total ion chromatograms (TIC) and extracted ion chromatograms (EIC) of 145, 185, and 243 ions of SOA from cycloheptene ozonolysis.

In comparison, the mass percentage of each class of com-more accurate SOA mass closure, one correction we can do is
pounds in the total SOA derived from the aerosol size distribu- to recover the mass of oxalic acid in all SOA. Oxalic acid was
tion measurements, assuming an aerosol density of 1.43g/cm identified at substantial amount in the cyclohexene sy$tem;
varies greater from one cycloalkene system to another, as carmechanistically, it is a degradation or final oxidation product
be seen from the first four rows of Table 9. This variation is of all cycloalkene ozonolyses. However, oxalic acid eluted off
probably, in part, a result of the very different fractions of total the LC column too quickly to be detected. Because oxalic acid
identified low-MW species in the total SOA mass from system was found by Kalberer et ll.to have roughly the same
to system, as seen in the 5th row of Table 9. The use of 1.4 abundance as adipic acid or glutaric acid in the SOA from
g/cm? (estimated for SOA from cyclohexene ozonolysis by cyclohexene ozonolysis, we used the amount of the most
Kalberer et af) as the density for the SOA in all six systems abundant diacid identified ¢(®r G, - 1) to estimate the amount
may be an important reason for this variation. Densities of some of oxalic acid in all SOAs. With this correction, the fractions
identified low-MW species are unknown, making it difficult to  of total identified low-MW SOA species range from 42 to 83%,
compute the overall aerosol density. Indeed, the exact densityas shown in the 6th row of Table 9.
of SOA remains unknown and, as we discuss later, could very One primary reason that Kalberer etachieved a mass
well be larger than that assumed. However, with regard to a closure of SOA products from cyclohexene ozonolysis close to
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TABLE 2: Low-MW Components in SOA from Cyclopentene Ozonolysig

class of SOA identified low-MW surrogate standard mass yield
components species in SOA for quantificatiort (%)°
diacid pimelic acid 0.19
adipic acid 0.27
glutaric acid 0.40
succinic acid 2.72
diacid alkyl ester adipic acid monomethyl ester 0.01
glutaric acid monomethyl ester 0.02
succinic acid monomethyl ester 0.09
malonic acid monoethyl ester succinic acid monomethyl ester 0.22
hydroxy diacid 2-hydroxyglutaric acid 2-hydroxy-2-methylsuccinic acid 0.57
2-hydroxysuccinic acid succinic acid 0.10
carbonyl-containing acid 4,5-dioxopentanoic acid 2-oxoglutaric acid 0.04
5-oxopentanoic acid 4-oxopentanoic acid 0.01
sum of identified low-MW speciés 4.64
total SOA mass derived from DMA 6.04

2224 ppb of cyclopentene was consumed in this experiment. The filter was coltebtedrom the onset of ozonolysis for a duration-o h.
b A blank cell indicates a standard was available for quantificatidim examine the variation of these yields, we analyzed SOA samples from three
cyclopentene ozonolysis experiments, and the variation of these yields is on averageh#®t caused by analysis uncertainties and slightly
different sampling times and duration. For the mass yields of other cycloalkene systems, we estimate the variation to b&26Ughly well.
4The sum of identified low-MW species accounts for 77% of the total SOA mass derived from the DMA measurémeitferential mobility
analyzer (DMA) was used to measure the aerosol size distribution. The mass yield of the total SOA reported here, derived from the DMA measurement
with the assumption of an aerosol density of 1.4 ¢/dmas not been corrected for particle loss to the chamber wall; therefore, it is somewhat lower
than the actual total SOA mass yield. Both the “sum of identified low-MW species” and the “total SOA mass derived from DMA” here refer to
their yields (in percentage, relative to the mass of the consumed hydrocarbon) as defined in text similarly for individual SOA components.

TABLE 3: Low-MW Components in SOA from Cyclohexene Ozonolysid

class of SOA identified low-MW surrogate standard mass yield
components species in SOA for quantificatiort (%)
diacid suberic acid 0.03
pimelic acid 0.90
adipic acid 1.59
glutaric acid 1.03
succinic acid 0.08
diacid alkyl ester glutaric acid monomethyl ester 0.05
2-hydroxysuccinic acid monoethyl ester succinic acid monoethyl ester 0.03
hydroxy diacid 2-hydroxypimelic acid pimelic acid 0.01
2-hydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.08
2,5-dihydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.02
2-hydroxyglutaric acid 2-hydroxy-2-methylsuccinic acid 0.28
2-hydroxysuccinic acid succinic acid 0.03
carbonyl-containing acid 2-oxoadipic acid 0.02
5-oxohexanoic acid 0.02
6-oxohexanoic acid 5-oxohexanoic acid 0.16
4.5-dioxopentanoic acid 5-oxohexanoic acid 0.02
4-oxopentanoic acid 0.09
5-oxopentanoic acid 4-oxopentanoic acid 0.37
sum of identified low-MW speciés 4.80
total SOA mass derived from DMA 15.37

2313 ppb of cyclohexene was consumed in this experiment. The filter was coltectesl h from the onset of ozonolysis for a duration-a2
h. A blank cell indicates a standard was available for quantificatidine sum of identified low-MW species accounts for 31% of the total SOA
mass derived from the DMA measuremenit§he mass yield of the total SOA reported here, derived from the DMA measurement with the assumption
of an aerosol density of 1.4 g/énhas not been corrected for particle loss to the chamber wall; therefore, it is somewhat lower than the actual total
SOA mass yield. Both the “sum of identified low-MW species” and the “total SOA mass derived from DMA” here refer to their yields (in percentage,
relative to the mass of the consumed hydrocarbon) as defined in text similarly for individual SOA components.

100% is that they identified substantial amounts of hydroxy as the use of different filters, presence or absence of denuders
diacids, even more abundant than diacids. In contrast, in all sixand interference during sample preparation, may also have
SOA systems we studied, hydroxy diacids are far less abundantplayed a role in causing this discrepancy.

than diacids. CO was used as the OH scavenger in Kalberer et At least three categories of compounds are likely to account
al.f whereas cyclohexane was used in this study. As discussedfor the SOA species not identified. Becasue of their relatively
by Keywood et al?* different OH scavengers can affect the high volatility, less oxidized species such as carbonyls, which
SOA formation because of different amounts of Hérsus could not be identified by the LEMS method, are expected
RO, in the reaction system. In addition, sampling artifacts, such to comprise only a small fraction of SOA mass in the systems
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TABLE 4: Low-MW Components in SOA from Cycloheptene Ozonolysig

class of SOA identified low-MW surrogate standard mass yield
components species in SOA for quantificatio®? (%)
diacid pimelic acid 1.66
adipic acid 1.85
glutaric acid 0.48
succinic acid 0.02
malonic acid 0.02
diacid alkyl ester pimelic acid monomethyl ester suberic acid 0.20
adipic acid monomethyl ester 0.28
glutaric acid monoethyl ester adipic acid monomethyl ester 0.01
glutaric acid monomethyl ester 0.04
succinic acid monoethyl ester 0.06
malonic acid monoethyl ester succinic acid monomethyl ester 0.10
hydroxy diacid 2-hydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.51
2-hydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.04
2-hydroxyglutaric acid 2-hydroxy-2-methylsuccinic acid 0.08
2,6-dihydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.03
carbonyl-contaning acid 5,6-dioxohexanoic acid 5-oxohexanoic acid 0.02
8-oxooctanoic acit 7-oxooctanoic acid 0.06
7-oxoheptanoic acfd 6-oxoheptanoic acid 0.26
6-oxohexanoic acfd 5-oxohexanoic acid 0.36
5-oxopentanoic acid 4-oxopentanoic acid 0.02
sum of identified low-MW speciés 6.11
total SOA mass derived from DMA 18.21

2184 ppb of cycloheptene was consumed in this experiment. The filter was colteBtedrom the onset of ozonolysis for a duration-e2 h.
b A blank cell indicates a standard was available for quantificatitsomers are present in this SOA based on extracted ion chromatograms, and
are quantified together here by the corresponding surrogate stafddmel sum of identified low-MW species accounts for 34% of the total SOA
mass derived from the DMA measuremei§tShe mass yield of the total SOA reported here, derived from the DMA measurement with the assumption
of an aerosol density of 1.4 g/énhas not been corrected for particle loss to the chamber wall; therefore, it is somewhat lower than the actual total
SOA mass yield. Both the “sum of identified low-MW species” and the “total SOA mass derived from DMA” here refer to their yields (in percentage,
relative to the mass of the consumed hydrocarbon) as defined in text similarly for individual SOA components.

TABLE 5: Low-MW Components in SOA from 1-Methylcyclopentene Ozonolysi$

class of SOA identified low-MW surrogate standard mass yield
component species in SOA for quantificatiort (%)
diacid azelaic acid 0.01
suberic acid 0.16
pimelic acid 0.55
adipic acid 0.31
glutaric acid 1.05
succinic acid 0.25
malonic acid 0.05
diacid alkyl ester pimelic acid monomethyl ester adipic acid monomethyl ester 0.02
adipic acid monomethyl ester 0.01
glutaric acid monomethyl ester 0.19
succinic acid monoethyl ester 0.06
malonic acid monoethyl ester succinic acid monomethyl ester 0.53
2-hydroxysuccinic acid monoethyl ester succinic acid monoethyl ester 0.05
hydroxy diacid 2-hydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.08
2-hydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.01
3-hydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.01
2-hydroxyglutaric acid 2-hydroxy-2-methylsuccinic acid 0.05
2-hydroxysuccinic acid succinic acid 0.08
carbonyl-containing acid 5,6-dioxohexanoic acid 5-oxohexanoic acid 0.04
5-oxohexanoic acid 0.09
4-oxopentanoic acid 0.19
5-0x0-6-hydroxyhexanoic acid 3-hydroxy-3-methylglutaric acid 0.17
5-0x0-4,6-dihydroxyhexanoic acid 2-ketogulonic acid 0.03
sum of identified low-MW speciés 3.96
total SOA mass derived from DMA 8.85

2193 ppb of 1-methylcyclopentene was consumed in this experiment. The filter was coftettet from the onset of ozonolysis for a duration
of ~3 h.? A blank cell indicates that a standard was available for quantificati®he sum of identified low-MW species accounts for 45% of the
total SOA mass derived from the DMA measuremefiBhe mass yield of the total SOA reported here, derived from the DMA measurement with
the assumption of an aerosol density of 1.4 ¢f/dmas not been corrected for particle loss to the chamber wall; therefore, it is somewhat lower than
the actual total SOA mass yield. Both the “sum of identified low-MW species” and the “total SOA mass derived from DMA” here refer to their
yields (in percentage, relative to the mass of the consumed hydrocarbon) as defined in text similarly for individual SOA components.
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TABLE 6: Low-MW Components in SOA from 1-Methylcyclohexene Ozonolysis
class of SOA identified low-MW surrogate standard mass yield
components species in SOA for quantificatio®? (%)

diacid pimelic acid 0.35
adipic acid 3.38
glutaric acid 0.36
succinic acid 0.04
malonic acid 0.04

diacid alkyl ester pimelic acid monomethyl ester suberic acid 0.03
adipic acid monomethyl ester 0.47
glutaric acid monomethyl ester 0.08
malonic acid monoethyl ester succinic acid monomethyl ester 0.16

hydroxy diacid 2-hydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.03
2-hydroxyadipic acid 3-hydroxy-3-methylglutaric acid 0.02
2-hydroxyglutaric acid 2-hydroxy-2-methylsuccinic acid 0.03
2,3,4,5,6-pentahydroxypimelic aéid 2-ketogulonic acid 0.07

carbonyl-containing acid 6,7-dioxoheptanoic dcid 4-oxopimelic acid 0.42
6-oxoheptanoic acid 0.10
5-oxohexanoic acid 0.15
4-oxopentanoic acid 0.04
6-0x0-7-hydroxyheptanoic acid 4-oxopimelic acid 0.46
sum of identified low-MW speciés 6.22
total SOA mass derived from DMA 14.15

2157 ppb of 1-methylcyclohexene was consumed in this experiment. The filter was colegtiedrom the onset of ozonolysis for a duration
of ~3.5 h.? A blank cell indicates that a standard was available for quantificatidhis structure is tentatively identified based on the chromatographic
retention time and molecular weight. Other isomeric structures may also be present in thi§ IS@Aers are present in this SOA based on the
extracted ion chromatograms, and are quantified together here by the corresponding surrogate $H#melawdn of identified low-MW species
accounts for 44% of the total SOA mass derived from the DMA measurenidiits.mass yield of the total SOA reported here, derived from the
DMA measurement with the assumption of an aerosol density of 1.4°ghas not been corrected for particle loss to the chamber wall; therefore,
it is somewhat lower than the actual total SOA mass yield. Both the “sum of identified low-MW species” and the “total SOA mass derived from
DMA” here refer to their yields (in percentage, relative to the mass of the consumed hydrocarbon) as defined in text similarly for individual SOA
components.

studied here. Indeed, dialdehydes were found to comprise abouthe ion trap mass spectrum of a SOA sample fr@rminene
5% of the total mass of SOA from cyclohexene ozonolysis by ozonolysis with preexisting MgSOseed particles. The low-
Kalberer et af However, highly oxidized species, such as MW species withm/z 171, 185, and 199 correspond to norpinic
multihydroxy diacids or multioxo acids, may also evade-+C  acid,cis-pinic acid, and OH-pinonic acid, which have previously
MS detection because they would elute off the column with been identified as major SOA componéfif$ and are also
little or no retention. The mass fractions of such species in the identified by the LC-MS method in this work. Again, higher-
SOA remain unknown at this time. In addition, species eluting MW species, such as those witliz of 329, 343, 357, 371, and
late from the LC column were found in all SOAs, all with 385, are also present in this SOA. Their presence is confirmed
relatively high molecular weights. Figure 3 shows the detection by the corresponding detection of ions wittiz of 353, 367,
of species withm/z of 243, 259, and 291 (i.e., the corresponding 381, 395, and 409 (Naadducts of neutral molecules) in the
negative ions) in the SOA from the ozonolysis of cycloheptene, positive ion mode of the ITMS, as shown in Figure 6b. Because
1-methylcyclohexene and 1-methylcyclopentene, respectively. a broad range of compounds can be detected as their Na
Judged from peak areas, they may comprise a substantial portioradducts in this mode, the overall composition of SOA can be
of the total SOA mass, yet their identities cannot be revealed better captured by the positive ion mode mass spectrum. Figure
by LC—MS alone. We next discuss the use of ion trap MS to 6b illustrates that in the SOA formed on the nearly neutral
analyze higher-MW species in SOA. MgSO, seed, species with MW from 250 to 450 are the most
2. Oligomeric Components of SOA2.1. Identification and abundant species, followed by some even larger species (MW
Structure Elucidation of Oligomers in SOA&he ESI source in > 450). These species are separated regularly by mass units
the ion trap MS (ITMS) preserves the molecular integrity of such as 14, 16, 18, and 30, which is characteristic of a copolymer
analytes by soft ionization. Some acidic species, readily systen®® indicating the difference in Ck O, H,O groups, or
surrendering a proton, are detected in the form of their moleculara combination of them, among monomers and oligomers.
ions [M — 1]~ in the negative ion mode. For example, Figure Strikingly, low-MW species (MW< 250) likely comprise only
4 shows the ion trap mass spectrum of a SOA sample from a very minor fraction of the total SOA mass, assuming they
cycloheptene ozonolysis. The 131, 145, and 159 ions corresponchave similar response factors to oligomers on the MS detector.
to glutaric acid, adipic acid, and pimelic acid, respectively,  That the higher-MW species (MW 250) shown in Figures
which were also identified by the L&MS. However, higher- 4—6 are indeed oligomers is confirmed from the tandem MS
MW species, such as those withiz of 259, 329, 373, 417, of these ions. In the ITMS, specific ions can be isolated and
461, and 505, are also present in this sample, at intensitiesstored and further fragmented by collision-induced dissociation
comparable to or even higher than the low-MW species. Figure to produce the so-called tandem MS. For example, Figure 7
5 shows the ion trap mass spectrum of a SOA sample from shows the MS/MS (negative ion mode) of the 373 ion in SOA
1-methylcyclopentene ozonolysis. Higher-MW species, such asfrom the ozonolysis of cycloheptene. The molecular structure
those withnvz of 245, 261, 299, 381, and 403, are present at shown alongside the MS/MS explains the major fragment. The
intensities comparable to low-MW species. Figure 6a shows corresponding monomers are 1,4-butanedial and 4-oxobutanoic
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TABLE 7: Low-MW Components in SOA from 3-Methylcyclohexene Ozonolysis

class of SOA identified low-MW surrogate standard mass yield
components species in SOA for quantificatiort (%)
diacid suberic acid 0.05
pimelic acid 0.36
2-methyladipic acid pimelic acid 1.82
adipic acid 0.35
2-methylglutaric acid adipic acid 0.80
glutaric acid 0.45
succinic acid 0.07
diacid alkyl ester pimelic acid monomethyl ester suberic acid 0.11
adipic acid monomethyl ester 0.08
glutaric acid monomethyl ester 0.03
succinic acid monoethyl ester 0.05
succinic acid monomethyl ester 0.08
malonic acid monoethyl ester succinic acid monomethyl ester 0.24
hydroxy diacid 2-hydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.19
2-hydroxy-2-methyladipic acid 2-hydroxy-2-isopropylsuccinic acid 0.12
2-hydroxy-2-methylglutaric acfd 3-hydroxy-3-methylglutaric acid 0.06
2-hydroxyglutaric aciél 2-hydroxy-2-methylsuccinic acid 0.02
2,6-dihydroxypimelic acid 2-hydroxy-2-isopropylsuccinic acid 0.02
carbonyl-containing acid 4,5-dioxo-2-methylpentanoic acid 5-oxohexanoic acid 0.02
6-ox0-2-methylhexanoic acid 6-oxoheptanoic acid 0.40
5-oxohexanoic acid 0.26
6-oxohexanoic acid 5-oxohexanoic acid 0.22
4-oxopentanoic acid 0.05
sum of identified low-MW speciés 5.84
total SOA mass derived from DMA 8.67

2307 ppb of 3-methylcyclohexene was consumed in this experiment. The filter was collettedh from the onset of ozonolysis for a duration
of ~2 h.®? A blank cell indicates that a standard was available for quanitificatidnlikely isomer, also present in this SOA, is 2-methylpimelic
acid. 9 A likely isomer, also present in this SOA, is 2-hydroxyadipic aéid.likely isomer, also present in this SOA, is 2-hydroxy-2-methylsuccinic
acid. Isomers are present in this SOA based on the extracted ion chromatograms, and are quantified together here by the corresponding surrogate
standard? The sum of identified low-MW species accounts for 67% of the total SOA mass derived from the DMA measuréfleatsass yield
of the total SOA reported here, derived from the DMA measurement with the assumption of an aerosol density off1hag/oot been corrected
for particle loss to the chamber wall; therefore, it is somewhat lower than the actual total SOA mass yield. Both the “sum of identified low-MW
species” and the “total SOA mass derived from DMA” here refer to their yields (in percentage, relative to the mass of the consumed hydrocarbon)
as defined in text similarly for individual SOA components.

TABLE 8: Mass Percentage of Each Class of Compounds in the Total Identified Low-MW SOA Species in Six Ozonolysis
Systems

class of 1-methyl- 1-methyl- 3-methyl- standard
compounds cyclopentene  cyclohexeneyclopentene cyclohexene cyclohexene cycloheptene averagealeviation
diacid T7% 75% 60% 67% 67% 66% 69% 7%
hydroxy diacid 14% 9% 5% 2% 7% 11% 8% 4%
carbonyl-containing acid 1% 14% 13% 19% 16% 12% 15% 3%
diacid alkyl ester 7% 2% 22% 12% 10% 11% 11% 7%
sum 102%

acid, both first-generation oxidation products. Overall, our MS/ Cg carbonyl acids, pinonic acid and pinic acid. Only minimal
MS results confirm that oligomers originate from low-MW SOA amounts of ions withm/z from 250 to 450 were detected under
species in all of the systems that were studied. Footipiene the negative ion mode. Single ion isolation and MS/MS
ozonolysis system, with the monomers having MW centered fragmentation indicated they were unstable “adduct” ions,
about 180 D48 the small oligomers (MW from 250 to 450) possibly formed during electrospray. Under the positive ion
are probably dimers, whereas larger oligomers (MW from 450 mode, some dimers were present but an overall polymeric
to 950) are likely trimers, tetramers, and pentamers. On the basissignature (up to pentamers) was lacking in these standard
of the structures of oligomers and corresponding monomers, mixtures. In addition, the detection of some high-MW species
we propose three possible oligomerization reactions in the by the LC-MS (e.g., Figure 3), such as the 243 and 259 ions
aerosol phase: aldol reaction, gem-diol reaction, and acidin the cycloheptene ozonolysis system (Figure 4) and the 357
dehydration. All three reactions require acid or base cataysis. ion in thea-pinene ozonolysis system (Figure 6a), also verifies
We note that, because many of the low-MW SOA species have the presence of oligomers in the SOA. Finally, to test whether
functional groups in branched positions, the oligomers eventually oligomers may have formed from the oxidation of background
formed may contain both straight-chain and cross-linked sec- hydrocarbons, we injected seed particles into the clean chamber
tions. both in the absence and presence of ozone. No oligomers were
To test whether oligomers may have formed during the present in aerosol samples that were collected.

electrospray process, we analyzed individual monomers and In summary, oligomers with MW from 250 to 1600 are
cocktails of monomers by the ITMS with the same procedures present in all SOA samples frompinene ozonolysis, regardless
as those for the SOA samples. These monomers inclgele C of initial seed acidity or water content. Oligomers with MW
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TABLE 9: Fraction of Each Class of Compounds in the Total SOA Mass Derived from the DMA Measurements (First Four
Rowsy

1-methyl- 1-methyl-  3-methyl- standard
class of compounds cyclopentene cyclohexeogclopentene cyclohexene cyclohexene cycloheptene averaggeviation
diacid 59% 24% 27% 29% 45% 22% 34% 15%
hydroxy diacid 11% 3% 2% 1% 5% 4% 4% 4%
carbonyl-containing acid 1% 4% 6% 8% 11% 4% 6% 4%
diacid alkyl ester 6% 1% 10% 5% 7% 4% 5% 3%
% of identified low-MW species 7% 31% 45% 44% 67% 34%

in the total SOA

(no oxalic acid)

% of identified low-MW species 83% 42% 57% 68% 81% 44%
in the total SOA

(including oxalic acid)

% of total identified low-MW and 89% 45% 67% 79% 90% 53%
oligomeric species in the total SOA

a Fractions of identified low-MW species (no oxalic acid) in the total SOA mass (5th row). Fractions of the identified low-MW species (including
the estimated oxalic acid) in the total SOA mass (6th row). Fractions of the total identified species, both low-MW and oligomeric, in the total SOA
mass (7th row).
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Figure 3. Late-eluting chromatographic peaks in SOA from cycloalkene ozonolysis.

from 200 to 700 are present in all SOA samples from the  2.2. Effect of Particle-Phase Acidity on Oligomer Formation
ozonolysis of cyclohexene, 1-methylcyclopentene, cycloheptene,in SOA.Even though oligomers are universally present in the
1-methylcyclohexene, and cyclooctene. Oligomers are presentSOA that we studied, an important question arises, how does
in SOA from cyclopentene ozonolysis in only minimal amounts, seed particle acidity affect oligomer formation in SOA? The
judged from the ion trap mass spectra. Taken with the fact that ozonolysis ofa-pinene (mixing ratio from 12 to 135 ppb) was
83% of the total mass of this SOA is low-MW species (Table chosen to address this question. We use two nonacid seeds,
9), it is likely that oligomer formation is not favored with  containing either MgS@or (NH4),SOs, and two acid seeds,
hydrocarbons with fewer than six carbon atmos. This is not containing either [MgS®+ H>SOy] or [(NH4)2SOs + HoSOy].
unreasonable becasue, even after dimerization, most species havehermodynamic calculations show that the four seed aerosols,
relatively small MW (below 250), probably rendering them still once stabilized at the ambient RH in the chamber, span a
too volatile to stay in the aerosol phase. spectrum of pH values. For example, at RH55%, the pH
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Figure 4. lon trap mass spectrum (negative ion mode) of SOA from cycloheptene ozonolysis. The background ion intensities are almost always
lower than 5% of the maximum ion intensityz = 373.2 at 100% intensity).

values for the [MgS@only] seed and the [MgSO+ H,SOy) oligomers form within the same experimental time frame than
seed are about 6.5 an€0.3, respectively. The pH values for those that form on less acidic seed. The slight decrease in the
the [(NHy)2SOs-only] seed and the [(NF.SO; + H,SOy] seed ion intensities of some small oligomers in the more acidic case

are about 4.6 and 2.4, respectively. The acidity increase from (e.g., see 381 and 395 ions in Figure 8a and b) actually may
the nonacid to the acid seed for Mg&S@©xceeds that in the  reflect their transformation into larger oligomers.

(NH4)2SO, case by about 4.6 pH units. Oligomerization can be expected to shift the gas-to-particle
Figure 8a shows the ion trap mass spectrum (positive ion equilibrium of some condensing low-MW species to the particle
mode) of the SOA from the ozonolysis of 120 pgipinene in phase, eventually increasing the SOA yield over that in the
the presence of MgStnly seed. When the seed becomes much absence of heterogeneous reactions. Indeed, this is confirmed
more acidic (MgS@-H,SQy), as shown in Figure 8b, the by the overall SOA yield difference between systems containing
resultant SOA comprises many more large oligomers (MW from nonacid and acid seeds. The absolute SOA yield is defined as
450 to 950), most of which have higher ion intensities; thus, the mass of SOA produced relative to the mass of hydrocarbon
mass concentrations of these species exceed, by at least a fact@onsumed. Figure 9 shows the absolute SOA vyield versus the
of 2, those in the SOA formed on Mgg@nly seed. Some even  o-pinene mixing ratio, for seven pairs of experiments in the
larger oligomers (MW from 950 to 1600) are detected (with presence of acid versus nonacid seed particles as well as for
signal-to-noise ratios larger than 3) in the SOA formed on the two experiments in the absence of seed particles. Consistently,
acidic seed. However, the mass distribution of small oligomers the SOA formed on the more acidic Mg$€H,SO, seed has
(MW from 250 to 450) remains roughly in the same pattern, a higher yield than that formed on the Mg$anly seed.
with ion intensities changing only modestly. A similar difference  Overall, within the range ofi-pinene mixing ratios studied, the
in SOA composition between nonacid and acid Mg$@eds  SOA yield increases by 1040% on the acidic seed over the
is observed in all of the other six pairs of experiments on the nearly neutral seed. Concurrent hygroscopicity measurements
o-pinene system, with large oligomers increasing in abundanceshow that these SOA, at the time of filter collection, have
by 2—4 times in the acid cases. In comparison, the composition approximately 16-20% water content; thus, the increased types
difference between SOA formed on the (WpBOs-only seed and amounts of oligomers formed on the more acidic seed
and the (NH)>SO,—H,SO, seed is less pronounced than on the appear to be the primary cause for the increased SOA yield. In
corresponding MgSg&seeds. There is only a moderate increase comparison, the SOA yield increases by only about 5% on the
in the types and amounts of small oligomers in the SOA formed (NH,),SO;—H.SO, seed over the (NP.SOs-only seed at
on the more acidic seed and essentially no change in the massimilar o-pinene mixing ratios. This smaller yield increase,
distribution of the large oligomers. consistent with the smaller composition change, is likely a result
Kinetically, as the acidity of the seed particles increases, acid- of the smaller acidity difference between the nonacid and acid
catalyzed reactions and oligomer formation accelerate and largerseeds of (NH)>,SOy, as compared with MgSQIn all, the above
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Figure 5. lon trap mass spectrum (negative ion mode) of SOA from 1-methylcyclopentene ozonolysis. The background ion intensities are almost
always lower than 9% of the maximum ion intensitWZ = 131.0 at 100% intensity).

differences in the composition and amounts of SOA formed acid dehydration of i and G, diacids, and a &+ carbonyl
between these two sets of seed particles clearly demonstrateacid is chosen as the surrogate for a dimer formed via aldol
the direct impact of seed particle acidity. reaction of a G, dialdehyde and a (Ccarbonyl acid. All of the
Importantly, in theo-pinene ozonolysis system, similar types major high-MW species detected by E®IS are then quantified
of oligomers are present in SOA both in the presence and using their surrogates’ calibration factors, assuming their
absence of preexisting particles. This suggests that organic acidsesponse factors on the MS are the same. Quantified oligomers
produced from the gas-phase hydrocarbon oxidation itself may are then added with the identified low-MW species, and the
actually provide the necessary acidity for catalytic reactions. mass fractions of the total identified SOA species are listed in
Interestingly, the yields of SOA in the absence of seed particles the 7th row in Table 9. Oligomers that were quantified this way
appear to be lower than those in the presence of acid seeds buaccount for another-311% of the total SOA mass, bringing
higher than those in the presence of nonacid seeds (Figure 9)the mass closure of analytical speciation to-28%, or 71%
Although the former is probably due to the higher acidity of averaged for all six cycloalkene ozonolysis systems. Because
the acid seeds and the subsequent SOA as compared with thabnly a fraction of oligomers were quantified by the £®1S,
of the nucleated SOA, the cause for the latter is less clear. Oneoligomers in total are estimated to comprise at least 10% of the
possible explanation is that the organic acids produced from total mass of SOA from cycloalkene (carbon numbers)
o-pinene ozonolysis are “diluted” by the preexisting, neutral ozonolysis in general. In the case @fpinene ozonolysis, the
particles as compared with the freshly nucleated ones, resultinglTMS data suggest that the majority of SOA mass is composed
in slower catalytic reactions and ultimately lower SOA yields. of oligomeric species.
On the basis of these observations, we speculate that oligomers Indeed, in light of the substantial presence of oligomers in
are widely present in atmospheric secondary organic aerosolsSOA, the common approach to calculating SOA mass closure
2.3. Assessing Relagé Abundance of Oligomers in SOW. is thrown into question. Because oligomers may have somewhat
is difficult to quantify individual oligomeric species identified higher densities than low-MW species, the overall aerosol
by the ion trap MS because no standard is available at presentdensity may actually exceed the commonly assumed 1.4%g/cm
and the exact structures of these high-MW species are notA higher density would lead to lower mass closures achieved
known. However, as illustrated by Figure 3, some oligomeric in this work and most previous work. In addition, because
species are also identified by the E®S, equipped with ESI. oligomers may decompose in the GC injector or column,
Becasue the retention times of these oligomers are known fromreverting back to initial monomers, common G®IS based
the LC—MS data, a surrogate compound with a similar retention speciation may overestimate the mass of low-MW species while
time as well as presumed functional groups can be chosen tounderestimate the mass of oligomeric species.
roughly quantify a detected oligomeric species. For example, a 3. Relationship between Hydrocarbon Precursor Structure
Cm+n diacid is chosen as the surrogate for a dimer formed via and SOA Composition and Yield.Investigating the relation-
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ship between parent cycloalkene structure and its SOA com-explain such a large difference. Because the four classes of
position is a complex issue because (1) the gas-phase chemistrgompounds that were identified should represent the major low-
of cycloalkene ozonolysis is not yet fully understood; (2) the MW species, the fraction of oligomers, which we assume are
heterogeneous reactions involved are even less well understoodthe main unidentified species by E®/S, is therefore probably
and oligomers that form via these reactions appear to compriseconsiderably higher in the SOA from the &nd G than the G
a substantial fraction of the final SOA mass; and (3) even though cycloalkene. Indeed, as noted earlier, the ion trap MS data show
major gas-phase reactions are probably completed within theminimal amounts of oligomers in the cyclopentene system. The
first 3 h from the onset of ozonolysis, as indicated by the oligomers that were quantified by l-&MS comprise about 6,
observed disappearance of the cycloalkenes, oligomerization3, and 9% of the total SOA mass for the, Cs, and G systems,
may take place well beyond the time when the parent hydro- respectively. While an increasing fraction of oligomers in the
carbon has been consumed. For this reason, bulk filter measureSOA with increasing carbon number is suggested by the data
ments at a certain time during SOA evolution may not be (considering the quantification was not complete for especially
entirely comparable among systems from different parent the larger systems), theoretical considerations strongly support
hydrocarbons. Keeping this kinetic factor in mind, it is still this trend simply because increasingly larger monomers would
possible to glean important trends from the bulk, average form in these systems fromsCto C;, further leading to
composition measurements, which were taken at similar elapsedncreasingly less volatile and eventually more abundant oligo-
times for similar durations. mers in the SOA. Consequently, it is likely that the density of
3.1. Carbon Number in Homologous Cycloalken@gclo- SOA also increases as the carbon number increases, further
pentene, cyclohexene, and cycloheptene are homologous comincreasing the overall yield of SOA, as observed.
pounds. As discussed earlier, within the total identified SOA  3.2. Methyl-Substitution Effecil-methylcyclopentene and
low-MW species, diacids comprise rather constant mass frac- cyclohexener{ = 6) have the same MW, as do 1-methylcy-
tions from system to system, as do hydroxy diacids (Table 8). clohexene and cycloheptene £7). The total identified low-
These two categories of species are likely the low-MW species MW species in the SOA is 15% more for 1-methylcyclopentene
with the lowest volatility. Although these constant fractions are than cyclohexene and 24% more for 1-methylcyclohexene than
of interest themselves, this also indicates that low-MW species cycloheptene, as shown in Table 9. Although this may indicate
alone cannot explain the increasing overall SOA yield frogn C that there are relatively more low-MW species than oligomers
to C;.15 However, the 6th row in Table 9 shows that the total in the methyl-substituted systems, the overall SOA yield does
identified low-MW species comprises 83% of the total SOA not depend solely on the relative amounts of low-MW species
mass in the gsystem, whereas this fraction decreases dramati- and oligomers; instead, it depends on the absolute amount of
cally to 42 and 44% for ¢ and G systems, respectively. all species eventually present in the SOA. Known gas-phase
Incomplete speciation or experimental uncertainties cannot reactiong® suggest that the initial steps of oxidation of 1-meth-
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07 TABLE 10: Structures lllustrating the Numbers of -
®  Nonacid Available o-C and o-H for Aldol Reactions in Some Initial
06 | T Acid . : Oxidation Products in 1-Methylcyclohexene, Cycloheptene,
s and 3-Methylcyclohexene Ozonolysis Systems
5 44 Hydrocarbon CH
3 4 *
- - 94 4 precursor
| 3 SO O=
= 0.4 -a -
> '4 94 +4
S ¢ ve 4 C; dicarbonyl o o °
*# 03 o4 e 24 | | o |
4 24 94 o o}
>4 e e ¢ 7 =
’e 2¢ 24 *
i SN G ING
-l * *
8 - 2
94 94 4 Available o-C(*) 2 1 1
0.1 +4 4 4 number
+4 4 4 Available o-H 5 2 1
4+
24 2 94 number

0.0

52 96 120 C- carbonyl acid

0 HO 2 0
a-pinene mixing ratio (ppb) HO o) | /o HO o
Figure 9. Absolute yields of SOA formed on nonacid (dotted bars) S . L
2 1 1

and acid (lined bars) MgSGseed particles at seven initiatpinene .

mixing ratios. The relative yield difference (after normalization to the Ava'llilt:sz;c(*)

SOA vyield in the nonacid case) increases linearly with decreasing  Available o-H 5 2 1
mixing ratio of initial a-pinene, possibly because of the relatively number

increasing amount of ¥$0, in the particles. This applies that in the

atmosphere, where-pinene and other hydrocarbons are usually present A look at selected high-MW species that were detected b
at mixing ratios no higher than the lower-end values in this Figure, the 9 P y

effect of particle acidity on SOA yield can be quite substantial. In the LC-MS reveals contrasting composition patterns. For

addition, at 52 and 96 ppb, the absolute yields of SOA in the absence €xample, as shown in Figure 10, the species detectenbyf
of any seed particles are 0.43 and 0.51, respectively, as roughly shown289 show different extracted ion chromatograms with the three

by the two dashed, horizontal lines. The error bars of the two no-seed C; isomeric cycloalkene systems. At least six major peaks are
SOA vyields are similar to those of the with-seed SOA vyields at getected in the SOA from 1-methylcyclohexene, corresponding
corresponding mixing ratios. most likely to oligomeric SOA components. In comparison, the
SOA from cycloheptene ozonolysis exhibits only three major
peaks, all of which are detected in the 1-methycyclohexene case
with very similar retention times (differing by less than 0.1 min),
indicating that they are the same or isomeric species. In sharp
contrast, the SOA from 3-methylcyclohexene ozonolysis exhibits
only two major peaks, with different retention times from the
other two isomeric systems. Assuming a similar response factor
for all of these species, the abundance of 289 ion decreases
from 1-methylcyclohexene to cycloheptene to 3-methylcyclo-
hexene substantially, indicating decreasing amounts of oligomers

can eventually transfer more volatile carbonyl species into the are.fclnrm.ed. in this sequence. S.O’T‘e othgr h'g.h'MW Species
aerosol phase in the 1-methylcyclohexene system and eventuall)?)(h"[_’It similar patte_rns. Mechanistic con3|d§rat|ons provide a
increase the overall SOA yield, as observed by Keywood et consistent explanation for the;e observed dlﬁerenqesnTtle
al.15 Similar explanations should apply to other isomeric pairs ©f 289 likely corresponds to a dimer of & €arbonyl acid (MW
of cycloalkene precursors with even higher carbon numbers. — 144) and & & dicarbonyl (MW = 128) formed via aldol
3.3. Isomeric EffecB-methylcyclohexene differs from 1-me- _reactl(_)n, wh!ch requires the enollzat|or_1 ofa _carbonyl (involving
thylcyclohexene in the position of the methyl substituent group S neighboringa-C anda-H). As depicted in Table 10, the
on the ring. Together with cycloheptene, these three compoundsm.eCha”'St'C p953|bll|t|es pf enolization in these three.systems
comprise a set of isomers that display fascinating patterns of differ substantially. Consider the carbonyl group depicted on
SOA composition and yield. Within the low-MW SOA species, the right side in the €dicarbonyl and € carbonyl acid, both
carbonyl acids have the highest mass fraction in the 1-methyl- initial oxidation prngcts. This carbonyl has either a methyl
cyclohexene system (19%) and the lowest in the cycloheptenedroup attached to it, in the 1-methylcyclohexene system, or a
system (12%), consistent with the discussion in section 3.2. methyl group attached to its-carbon, in the 3-methylcyclo-
Interestingly, almost the same compounds with fewer than six hexene system, or no methyl substitution, in the cycloheptene
carbon numbers are identified in all three systems, implying System. As explained earlier, larger amounts gfd@arbony!
that only the initial oxidation pathways differ substantially. After and carbonyl acid are expected to form in the system of
some steps of oxidation, the differences due to the 1-methyl 1-methylcyclohexene than cycloheptene and 3-methylcyclohex-
and 3-methyl substitution versus nonsubstitution diminish, ene. In addition, with both the dicarbonyl and carbonyl acid,
probably because these carbons have been effectively oxidizedhere are twoo-carbons and fiven-hydrogens available for
“off” the main carbon chain, as suggested by known mecha- enolization in the 1-methylcyclohexene system. In comparison,
nisms23 This is further supported by the somewhat different available o-C and a-H numbers decrease to one and two,
extracted ion chromatograms (EIC) of the 143 ¢@rbonyl acid) ~ respectively, in the cycloheptene system, and one and one,
and 129 (G carbonyl acid) ions but the very similar EICs of respectively, in the 3-methylcyclohexene system. As a result,
the 115 (G carbonyl acid) ion in SOA of these three systems. enolization becomes increasingly difficult moving from 1-me-
However, strikingly, the overall SOA vyield is highest for thylcyclohexene to cycloheptene to 3-methylcyclohexene, as
1-methylcyclohexene and lowest for 3-methylcyclohexene, does the subsequent dimerization. Either slower reactions or
differing to a substantial exteft. fewer dimerization possibilities ultimately lead to increasingly

lycyclohexene would mainly lead to 6-oxoheptanoic acid {fa C
carbonyl acid) and no £diacid at all. However, from cyclo-
heptene, initial steps can lead to bothd&arbonyl acid and €
diacid. Consequently, the more abundant 6-oxoheptanoic acid
in the 1-methylcyclohexene system can lead to the formation
of Ci4 and even larger oligomers via aldol reaction or gem-diol
reaction. In comparison, lesser amounts efc@rbonyl acids

are available in the cycloheptene system to forfpaligomers,
which should have the lowest volatility of all possible dimers
(C14, Ci3, Cyp, €tcC.). By shifting gas-to-particle equilibrium, this



Ozonolysis of Cycloalkenes ardPinene

J. Phys. Chem. A, Vol. 108, No. 46, 20040163

eooé C:f13
5000
4ooé
3006
2006

1000|

0é~MMMwMA;MNAAw\AMAVMALAAAAMwVwWﬁuwA#wWVUﬁmu%mMkaknmﬂxwmwu \vmmwfkﬂv VWWWWMMM/ K Mﬂhv/k

L

\
\w -

2 4 6 8

T ————T— "
10 12 14 16 18 mi

3500;
30065
2500;
2006§
1 500:

1000

500’
M'N p\/‘\\/\ﬂ "NW).V\WJ'\ J’\J‘W MJW L\'[WN\\WV\/“JMWIJW \"VMMW,\‘ Jﬁ\/\"d A/M\‘/‘MM\/\/ V‘} WA/\/W ”F\WVV M‘/\(J m%f M[M’\/J\ M '\]/\, IVWW MMV/W\(WM

|
| \

I T [

|

. |
|
) o R

| W
A i
i uvwwwW,ijm w,ﬂw‘w‘\/wwvW\&WrWxf*«f\mfv*'\ﬁMWw

A T T
2 4 6 8

— T
10 12 14 16 18 mip

Figure 10. Extracted ion chromatograms of 289 ion in SOA from the ozonolysis of 1-methylcyclohexene, cycloheptene, and 3-methylcyclohexene.

smaller amounts of oligomers formed in the SOA and, therefore, an estimate for oxalic acid and assuming an SOA density of

smaller overall SOA yield.

Conclusions

The composition of SOA from cycloalkene {€Cg) and

a-pinene ozonolysis is investigated by the concurrent use of aare at minimal amounts). Using surrogate standards,

1.4 g/cnd, identified low-MW species comprise 42 to 83% of
the total SOA mass in the six cycloalkene systems that were
quantified.

Oligomeric species (MW 250) are ubiquitous in the SOA
from all parent cycloalkenes (although those from cyclopentene
it is

LC—MS and an ion trap MS, both equipped with ESI. A large estimated that oligomers comprise at least 10% of the total mass

variety of polar,

low-volatility species are identified and of SOA from cycloalkene ozonolysis. The mass fraction of

quantified. Four classes of compounds, diacids, carbonyl- oligomers may well exceed 50% in the SOA frampinene
containing acids, diacid alkyl esters, and hydroxy diacids, ozonolysis. Two issues need to be understood more fully before
comprise relatively constant mass fractions of the total identified SOA mass closure can be more accurately assessed: how to

low-MW species (MW< 250) in SOA in all six cycloalkene

quantify the mass of oligomers, and what is the actual density

systems; on average, these fractions are 69, 15, 11, and 8%pf the SOA. Mass closures may have been overestimated due

respectively. In particular, £C, - 1, and G, 1 diacids comprise,

to the density values used (e.g., 1.4 glanless calculated on

on average, 62% of the total identified low-MW species. With the basis of low-MW components alone).
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The acidity of the seed particles upon which SOA components  (2) Rogge, W.; Mazurek, M. A,; Hildemann, L. M.; Cass, G. R;
condense has an explicit effect on oligomer formation. Higher Simg;eg’aié; TPAtmjéfqzir:?]n.uligtﬁqizAcﬁiﬁgga o 57
acidity appears to lead to more rapid formation of oligomers, P - P ) no
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