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Abstract. An important fraction of secondary organic our previous study. Analysis of the collected SOA filter
aerosol (SOA) formed by atmospheric oxidation of diversesamples reveal the presence of oligomeric compounds in
volatile organic compounds (VOC) has recently been showrthe mass range 200 to 800 u as major constituents. The re-
to consist of high-molecular weight oligomeric species. In peated chain units of these oligomers are shown to systemat-
our previous study (Sadezky et al., 2006), we reported thacally have the same chemical composition as the respective
identification and characterization of oligomers as main con-main Criegee Intermediate (Cl) formed during ozonolysis of
stituents of SOA from gas-phase ozonolysis of small enolthe unsaturated compounds, which gHgO2 (mass 74) for
ethers. These oligomers contained repeated chain units of thethyl butenyl ether (EBE}rans-3-hexene, and 2,3-dimethyl-
same chemical composition as the main Criegee Intermedi2-butene, and gHgO, (mass 88) fotrans-4-octene. Analo-
ates (CI) formed during the ozonolysis reaction, which weregous fragmentation pathways among the oligomers formed
CH202 (mass 46) for alkyl vinyl ethers (AVE) and>8402 by gas-phase ozonolysis of the different alkenes and enol
(mass 60) for ethyl propenyl ether (EPE). In the presentethers in our present and previous study, characterized by
work, we extend our previous study to another enol ethersuccessive losses of the respective Cl-like chain unit as a neu-
(ethyl butenyl ether EBE) and a variety of structurally re- tral fragment, indicate a similar principal structure. In this
lated small alkenedréins-3-hexenetrans-4-octene and 2,3-  work, we confirm the basic structure of a linear oligoperox-
dimethyl-2-butene). ide — [CH(R)-O-0}, — for all detected oligomers, with the
Experiments have been carried out in a 5701 sphericarepeated chain unit CH(R)OO corresponding to the respec-
glass reactor at atmospheric conditions in the absence of sedtve major Cl. The elemental compositions of parent ions,
aerosol. SOA formation was measured by a scanning mofragment ions and fragmented neutrals determined by accu-
bility particle sizer (SMPS). SOA filter samples were col- rate mass measurements with the FTICR technique allow us
lected and chemically characterized off-line by ESI(+)/TOF to assign a complete structure to the oligomer molecules.
MS and ESI(+)/TOF MS/MS, and elemental compositions We suggest that the formation of the oligoperoxidic chain
were determined by ESI(+)/FTICR MS and ESI(+)/FTICR units occurs through a new gas-phase reaction mechanism
MS/MS. The results for all investigated unsaturated com-observed for the first time in our present work, which in-
pounds are in excellent agreement with the observations ofolves the addition of stabilized CI to organic peroxy rad-
icals. Furthermore, copolymerization of Cl simultaneously
formed in the gas phase from two different unsaturated com-
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of trans-3-hexene and ethyl vinyl ether (EVE), leading to for- sation processes are described as part of SOA aging pro-
mation of oligomers with mixed chain unitssBsO2 (mass  cesses taking place over several hours after SOA formation.
74) and CHO; (mass 46). We therefore suggest oligoperox-  Furthermore, a variety of high-molecular peroxidic com-
ide formation by repeated peroxy radical-stabilized Cl addi-pounds mainly formed as reaction products of stabilized
tion to be a general reaction pathway of small stabilized CICriegee Intermediates have been identified as important
in the gas phase, which represents an alternative way to highsOA constituents. Among those products are secondary
molecular products and thus contributes to SOA formation. ozonides, a-acyloxyalkyl hydroperoxides, cyclic geminal
diperoxides, peroxyhemiacetals and diacyl peroxides (Za-
hardis and Petrucci, 2007; Mochida et al., 2006; Reynolds
et al., 2006; Tolocka et al., 2006; Zahardis et al., 2006, 2005;
Docherty et al., 2005; Dreyfus et al., 2005; Ziemann, 2003,
2002). Initial unsaturated compounds are either monoter-
penes and cyclic alkenes consisting of six to ten carbon atoms
Organic material accounts for a substantial fraction of atmo-(Tolocka et al., 2006; Docherty et al., 2005; Ziemann, 2003,
spheric fine particular matter that affects the global climatep002), cholesterol (Dreyfus et al., 2005) or the linear C18
by direct and indirect effects as well as human healts@l,  oleic acid and methyl oleate (Zahardis and Petrucci, 2007;
2005, and references therein). Secondary organic aeros@ligchida et al., 2006: Reynolds et al., 2006; Zahardis et
(SOA) is formed by gas-to-particle conversion of products 5. 2006, 2005). Formation reactions leading to those high-
of the tropospheric oxidation of volatile organic compounds mglecular peroxidic compounds were partly suggested to
(VOC), and its global formation is estimated to range from 12ae place in the liquid phase within the aerosol particles
to 70 Tgy ! (Kanakidou et al., 2005, and references therein).or heterogeneously. Furthermore, formation of oligomers
Understanding the chemical composition and formation prorom peroxidic reactions products of oleic acid and choles-
cesses of SOA is required for a quantitative assessment qro| ozonolysis was reported to proceed via their additional
its production, properties and environmental effects (Fuzzi effree carboxylic acid and carbonyl functionalities, which react
al., 2006). with other, eventually multifunctional Criegee Intermediates
An important fraction of organic aerosol consists of high- (Zahardis and Petrucci, 2007; Zahardis et al., 2006; Reynolds
molecular weight organic species, as have shown severadt al., 2006; Dreyfus et al., 2005).
studies of a wide range of VOC oxidation reactions. Most Other suggested pathways leading to oligomer formation
studies suggest that oligomerization takes place through hein organic atmospheric aerosol involve aqueous-phase reac-
erogeneous condensation reactions of more volatile reactiotions of pyruvic acid, a product of the atmospheric oxidation
products on the surface and within the bulk of aerosol par-of isoprene, initiated by OH radicals (Altieri et al., 2006)
ticles, producing stable oligomeric compounds. Such reaceor photolysis (Guzman et al., 2006) within cloud droplets.
tions are aldol condensation agdmdiol formation (Gao et  Recently, formation of higher-molecular weight species was
al., 2004; Tolocka et al., 2004), acid dehydration (Hamilton also observed for photooxidation and ozonolysis of tertiary
et al., 2006; Gao et al., 2004) and esterification (Hamilton etalkylamines (Murphy et al., 2007).
al., 2006; Surratt et al., 2006). Identified monomers were In our recent study (Sadezky et al., 2006) we reported
typical low-volatile reaction products formed during gas- the discovery of oligomeric compounds by chemical analy-
phase ozonolysis of cycloalkenes, such as multifunctionakis of secondary organic aerosol formed during ozonolysis of
acids and diacids (Hamilton et al., 2006; Gao et al., 2004)enol ethers using the off-line ESI/MS-TOF technique. These
and 2-methylglyceric acid formed during photooxidation of oligomers were found to consist of repetitive chain units,
isoprene in the presence of high N@oncentrations (Surratt  which have the same elementary compositions as the main
etal., 2006). Aldol angemdiol condensation reactions have Criegee Intermediates (Cl) formed from these ozonolysis re-
been reported to be significantly enhanced by acidic seed paactions: CHO, (=CH,OO for G-Cl) of mass 46 for the
ticles providing acid catalysis (Gao et al., 2004; Tolocka etalkyl vinyl ethers (AVE) and @H40, (=CH3CHOO for G-
al., 2004). Moreover, oligomer formation was detected dur-Cl) of mass 60 for ethyl propenyl ether (EPE). It is proposed
ing dark ozonolysis of-pinene by high-resolution FTICR that these oligomers have the following basic structure of an
MS (Reinhardt et al., 2007), and during photooxidation oligoperoxide, — [CH(R)-O-Q]—, where R=H for the AVE
of 1,3,5-trimethylbenzene ang-pinene by on-line aerosol and R=CH for the EPE. We suggested a new pathway for
time-of-flight (ATOF) mass spectrometry (Gross et al., 2006) secondary organic aerosol and oligomer formation involv-
and off-line matrix-assisted laser desorption mass spectroming gas-phase reactions involving stabilized CI, which lead
etry (Gross et al., 2006; Kalberer et al., 2004). Kalberer etto formation of oligoperoxidic chains carrying mostly three
al. (2004) attributed the oligomers observed during photoox-o four Cl-like chain units.
idation of 1,3,5-trimethylbenzene to hydration-condensation Our present work is aimed at investigating the possibility
reactions involving the main reaction products of aromaticthat the correlation between the structure of the main Criegee
photooxidation, glyoxal and methylglyoxal. These conden-Intermediate formed during alkene ozonolysis and the

1 Introduction
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Fig. 1. General mechanism of the gas-phase ozonolysis of enol ethers and symmetric alkenes
(a) Enol ethers.

composition of formed SOA and oligomers described in our2 Experimental
previous work (Sadezky et al., 2006) might apply to a wider
range of unsaturated compounds. We therefore extend odexperiments in the laboratory were performed in a 570-|
previous study to a wider variety of small unsaturated com-spherical glass reactor at room temperature in synthetic air
pounds, among which are another enol ether, ethyl butenyat a total pressure of 730 Torr. A detailed description of this
ether (EBE, GHs0CH=CHGHs), and three symmetric Setup has been described in earlier publications (Neeb et al.,
hydrocarbon alkenestans-3-hexene (GHsCH=CHGHs), 1998; Winterhalter et al., 2000). Ozone was produced by a
2,3-dimethyl-2-butene ((C#2C=C(CHs)2), and trans-4- mercury pen-ray lamp inside the reactor, prior to the addi-
octene (GH7CH=CHGH;). A gas-phase ozonolysis ex- tion of the mixture of the unsaturated compound and syn-
periment of a mixture of ethyl vinyl ether (EVE,,850- thetic air (reaction start). The concentrations of reactants
CH=CH,) and trans-3-hexene (@HsCH=CHGHs) was  and reaction products were followed by Fourier Transform
also performed in order to investigate a possible formationinfrared spectroscopy (FTIR). The aerosol concentration and
of mixed oligomers that might contain combinations of chain Size distribution was monitored with a scanning mobility par-
units corresponding to the main CI formed during both re-ticle sizer (SMPS, TSI 3936) and provides information of the
actions. Gas-phase ozonolysis experiments have been pdetal SOA mass M. The SMPS consists of an electrostatic
formed in a laboratory-reaction chamber under experimentagtlassifier (TSI 3080) with a long differential mobility ana-
conditions similar to those of Sadezky et al. (2006). SOAlyzer, (LDMA; TSI 3081) and an ultrafine condensation par-
formed during the reactions have been observed by a SMPS$cle counter (CPC; TSI 3025A) as detector.
system and chemically characterized by a hybrid ESI(+)/Q- Experiments were performed with initial ozone mixing ra-
TOF and chemical composition was confirmed by accuratgios of 8 ppm, and enol ether and alkene mixing ratios of
mass measurements with an ESI Fourier Transform lon cy15ppm. For simultaneous ozonolysis of EVE drahs-3-
clotron resonance (FTICR) mass spectrometer. FTICR MShexene, initial mixing ratios were 8 ppm of ozone, 8 ppm of
offers ultrahigh resolution and high sensitivity for the char- EVE and 12 ppm ofrans-3-hexene. In order to prevent re-
acterization of complex samples (e.@Rpp et al., 2005). actions of vinyl ethers with OH radicals, which are known
to be generated during the ozonolysis of alkenes (Finlayson
et al., 1972), cyclohexane (excess, 300 ppm) was added in
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Fig. 1. General mechanism of the gas-phase ozonolysis of enol ethers and symmetric alkenes
(b) Trans3-hexene anttans-4-octene(c) 2,3-Dimethyl-2-butene.

some experiments. All chemicals were commercially avail- Fourier transform ion cyclotron resonance (FTICR) mass
able (purity>95%) and used without further purification. spectrometery. The instrument used was a combined lin-

The aerosol formed in the laboratory experiments was col£arion trap and FTICR mass specirometer (LTQ FT, Thermo

lected during 2025 min on Teflon (PTFE) filters (45 mm di- Fisher Scientific, Bremen, Germany). The sample was intro-

ameter, 0.45m pore size), using a flow rate of 14| mih duced by a nanospray source using gold-coated fused-silica
After collection the filters were extracted in a 7€mlass §m|tters (New Objective, Woburn,l MA, USA) at' an loniza-
flask with 3ml pure methanol (HPLC grade), and stored_t'on potential of +1 kV. Data analysis was done with the Xcal-
at —20C until analysis. LiCl solution was added to se- ibur 2.0 software (Thermo Electron, Bremen, Germany). The

lected samples in order to study the formation of metal catio (nass deviation of the FTICR measurements are usually well

adducts. The resulting ffiion concentration in these sam- nbelow 2ppm.
ples was about 0.1 mg/ml.

Chemical constituents were detected by a hybrid mas® Results and discussion
spectrometer (quadrupole and time-of-flight) QSTAR (Ap-
plied Biosystems MDS SCIEX) with an electrospray ion 3,1 Gas phase reaction mechanisms
source. The extraction solution was directly injected
(30ul/min). The electrospray ion source (TurbolonSpray) 3.1.1 Enol ethers
was operated in the positive mode at 400and an ioniza-
tion voltage of +3.4kV. The declustering potential was 0 to The general mechanism of the ozonolysis of enol ethers
+ 30V, and the focussing potential (focus ring) was +100 V.is displayed in Fig. 1a. The initial product formed is the
For tandem Q-TOF experiments, the collision energy was beprimary ozonide (1,2,3-trioxolane), which is unstable and
tween 10 and 30 eV with CAD (collision gas) set to 2. Instru- decomposes into a carbonyl oxide, called the Criegee in-
ment control, spectra treatment and calculations of elementakermediate (Cl), and a primary carbonyl compound. The
compositions were done with the software Analyst (Applied ozonolysis of enol ether molecules produces Cls of the type
Biosystems MDS SCIEX). Moreover, the elemental compo-CH,OO0 (G-Cl, R'=H) for the alkyl vinyl ethers (AVE),
sition of the analytes was determined by nanoelectrosprayCH3CHOO (G-Cl, R’=CHj3) for ethyl propenyl ether (EPE),
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Fig. 2a. ESI(+)/TOF MS mass spectrum of SOA formed during the gas phase ozonolysis of EBE (initial mixing ratios: 8 ppm ozone, 15 ppm
EBE).

and GH5CHOO (G-ClI, R'=CyH5) for ethyl butenyl ether, The primary carbonyl compounds simultaneously formed

together with ROCHOO (alkoxy-substituted CI). are the corresponding aldehydes propatvané-3-hexene,
The corresponding primary carbonyl compounds consistR’=C2Hs) and butanalttans-4-octene, R'=GHz).

of an alkyl formate ROC(O)H and formaldehyde (AVE, 2,3-Dimethyl-2-butene produces ClIs of the type

R’=H), acetaldehyde (EPE, R'=CM or propanal (EBE, (CH3)2COO (so-C3-Cl), which is an isomer of the

R’=Cy,Hps). C3-Cl formed from the ozonolyses dfans-3-hexene and
Previous studies of the gas-phase ozonolyses of ethyl vinyEBE. The corresponding primary carbonyl compound is

ether (EVE, GHsO-CH=CH,) and ethyl propenyl ether acetone (Fig. 1c).

(EPE, GHs0-CH=CHCH) by FTIR spectroscopy showed  The CI formed from the decomposition of the primary

that the branching ratios of the splitting of the primary ozonide are formed in excited states, which then either de-

ozonide into both pathways was @13)% for the “ethyl =~ compose into various products or become collisionally stabi-

formate +G-CI” channel for EVE, and (8813)% for the lized.

“ethyl formate +G-CI” channel for EPE (Sadezky, 2005). About 50-60% of the excitedCI are stabilized, while

In this work, the branching ratio for the “ethyl formate #C the yields of stabilized &Cl and G-CI are estimated to

CI” channel during ozonolysis of EBE was also determinedbe between 20 and 40% per reacted alkene or enol ether

to be close to 80%. (Sadezky, 2005; Kroll et al., 2002). The stabilization rate of
the excitedso-C3-Cl, however, is very low, as this type of CI
3.1.2 Symmetric alkenes decomposes by nearly 100% via the hydroperoxide channel

(e.g. Rickard et al., 1999).
Symmetric alkenes form only one type of primary carbonyl
compound and Criegee Intermediate upon their reaction witt8.2 Formation of secondary organic aerosol (SOA)
ozone (Fig. 1b). The symmetric alketnans-3-hexene there-
fore produces only Cls of the type,B5CHOO (G-Cl, Total SOA masses W (ug/m®) measured by SMPS after
R’=C2Hs), which is also the major Cl formed during ozonol- completion of the reaction, before the beginning of the filter
ysis of ethyl butenyl ether (EBE)rans4-octene forms the sampling, are given in Table 1. Initial mixing ratios of re-
analogous Cls of the types&;CHOO (G-ClI, R’'=C3Hy). actants and of cyclohexanedids,) added as OH scavenger,

www.atmos-chem-phys.net/8/2667/2008/ Atmos. Chem. Phys., 8, 268692008
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Fig. 2b. ESI(+)/TOF MS mass spectrum of SOA formed during the gas phase ozonolysiseB-hexene (initial mixing ratios: 8 ppm

ozone, 15 ppntrans-3-hexene).

Table 1. Total SOA masses M(Mg/m?’) formed, initial mixing ratios of reactants and cyclohexangH&), and types of major Cl formed
in the gas-phase ozonolysis reactions of the unsaturated compounds studied in this work.

Alkene [alkeneg [ozoneh [CeH12lo0  Type of Mo(SOA)
[ppm] [ppm] [ppm] cl [ngim?]

EBE (CH50-CH=CHGHs5) 15 8 - G-Cl 250

trans-3-hexene (GHsCH=CHG,Hs) 15 8 - G-Cl 160

“r 15 8 300 G-Cl 400

trans-4-octene (gH7CH=CHGzH7) 15 8 - G-Cl 300

2,3-dimethyl-2-butene ((C4Jo,C=C(CHgz)2) 15 8 300 iso-C3-Cl 40

wn 15 8 - iso-C3-Cl 3

EVE (CoH50-CH=CH) 6 8 - G-Cl o

+ + +

trans-3-hexene (GH5CH=CHGH5) 8 C3-Cl

** not measured

and the main types of Cl formed from these ozonolysis reacto 40% of stabilized CI) (Kroll et al., 2002; Rickard et al.,

tions, as discussed in the previous section, are also given. 1999). A correlation between the amount of SOA formed
Measured total SOA massegNbrmed during gas phase and the stabilization rate of the CI, independently of their

ozonolysis amount to several hundreds.af/m?® for most ~ number of carbon atoms — as the disubstituteedCand the

unsaturated compounds, except the 2,3-dimethyl-2-butengnonosubstitutedso-C3-Cl are isomers —, might indicate a

which forms much lower amounts of SOA. The reason for key role of stabilized Cl in SOA formation.

this difference might be the very low stabilization rate (less

than 1% of stabilized CI) of the disubstitutézb-C3-Cl in

comparison with the monosubstituteg-Cl and G-CI (20%

Atmos. Chem. Phys., 8, 2662699 2008 www.atmos-chem-phys.net/8/2667/2008/
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Fig. 2c. ESI(+)/TOF MS mass spectrum of SOA formed during the gas phase ozonolysis of 2,3-dimethyl-2-butene (initial mixing ratios:
8 ppm ozone, 15 ppm 2,3-dimethyl-2-butene, 300 ppm cyclohexane).

A significant increase of the total SOA masg Mpon  ethyl butenyl ether (EBE}rans-3-hexene and 2,3-dimethyl-
addition of an excess of cyclohexanegtG2) as an OH  2-butene (Fig. 2a—c), and af m/z=88 for trans-4-octene
radical scavenger is observed for the two alketnans-3- (Fig. 2d). The results are consistent with those from analo-
hexene and 2,3-dimethyl-2-butene. A similar influence ofgous studies (Sadezky et al., 2006; Sadezky, 2005), revealing
CsHi12 on SOA yields has been observed by Docherty andoligomer ions with regular mass differencesfofm/z=46 for
Ziemann (2003) for the ozonolysis gfpinene, while the re-  alkyl vinyl ethers (AVE) andA m/z=60 for the ethyl propenyl
verse effect was found for the ozonolysis of alkyl vinyl ethers ether (EPE). The pseudomolecular ions carry a single posi-
(Sadezky et al., 2006). In all cases, however, the qualitativeive charge.
results obtained from chemical analysis of the SOA by mass

spectrometry do not chande in the presence of an OH scav- The different ion series for the various unsaturated ethers
ea ger y g P are presented in Table 2 and correspond to different types

of oligomers designated (a), (b), (B), (C), (D), (E), (F), (G).
In order to better distinguish the series, the peaks of the se-
ries are identified by different colours, corresponding to the
colours of the peaks of Fig. 2a—d. lon series observed for
ethyl vinyl ether (EVE) and ethyl propenyl ether (EPE) are
also given for comparison (Sadezky et al., 2006).

3.3 Chemical analysis of the SOA: identification and char-
acterization of oligomers

3.3.1 Identification of oligomers in the SOA

Deploying the smooth ionisation of the electrospray tech- The mostintense series observed for each ether is coloured
nique, oligomeric products were detected in the SOA filterin red, and is assigned as oligomer of type (a). The other ob-
samples for all compounds studied. Figure 2a—d show th&erved oligomer series usually appear with much lower inten-
mass spectra of the aerosol samples obtained. sities and differ from the major oligomer series of type (a) by
The spectra show the presence of ions in the mass rangaultiples and sums oA m/z=16 andA m/z=14. Oligomer
betweerm/z200 and 800 for the enol ether EBE and betweenseries with similar differences ok m/z towards the main
m/z200 and 600 for the three alkenes with the typical regularoligomer series of type (a) are labelled with similar letters
structures of oligomers. The ion peaks could be grouped irand colours in Table 2 and in Fig. 2a—d for the different
series whose ions display regular differencea oh/z=74 for alkenes and enol ethers. For example, for most enol ethers

www.atmos-chem-phys.net/8/2667/2008/ Atmos. Chem. Phys., 8, 268692008
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Fig. 2d. ESI(+)/TOF MS mass spectrum of SOA formed during the gas phase ozonolysis#-octene (initial mixing ratios: 8 ppm
ozone, 15 ppntrans-4-octene).

dimethyl-2-butene and ethyl propenyl ether (EPE). Mass dif-
ferences of these oligomer series towards the oligomers of
H H type (a) are, for exampled m/z=14 for oligomers (C) and
\ (D) (with A m/z14 possibly corresponding to a Gigroup),
C__ A m/z=42 for oligomer (B) A m/z42=3 x A m/z14, possi-
yd \ bly corresponding to three GHyroups), andA m/z=30 for
RO R‘ oligomer (E) A m/z30=A m/z14 + A m/z16, eventually
accounting in total for a formaldehyde-like unit @8l).
: : 1 1 : As described in a later section of this work and in our
EnOhC Slde VlIthC Slde previous study (Sadezky et al., 2006), MS/MS experiments
allowed to fragment the pseudomolecular ions and thus to
Fig. 3. Schematic structure of an enol ether. determine the minimum number n of fragmented repetitive
chain units 46, 60, 74 or 88 contained in the molecular
and alkenes, oligomer ions of type (b) are observed, coloure@pecies. In Fig. 2a—d, n are given for the pseudomolecular
in green in Table 2 and Fig. 2a—d. They differ from the ions of the most intensive oligomer series designated as type
series of type (a) ions by an additional m/z16. Exact (d). lons of type (a) and ions of weaker oligomer series sug-
mass measurements by FTICR have revealed in our preseggsted to carry similar numbers of chain units, are arranged
work (Sect. 3.3.3.) that the ions of type (a) and type (b) re-in vertical columns in Table 2.
spectively represent the Naand K" adducts of the same Some ions betweem/z150 and 300, which are also ob-
oligomer molecule. The differenc& m/z=16 between the served as fragment ions in the MS/MS spectra (Sect. 3.3.3.)
type (a) and (b) oligomer ions thus corresponds to the differ-of parent oligomer ions, are listed separately on Figs. 2a—d.
ence between Naand K" rather than to an additional oxy- Oligomer ions observed for EBE in the present work cor-
gen atom, as suggested by Sadezky et al. (2006). While foroborate the dependence of their chain unit on the vinylic
trans-3-hexene and ethyl vinyl ether (EVE), only oligomers side =CHR’ of the double bond of the initial enol ether de-
of type (a) and (b) are observed, a variety of other ions seriesived from the analogous study of AVE and EPE (Sadezky et
appear for ethyl butenyl ether (EBByans4-octene, 2,3- al., 2006). The schematic structure of an enol ether shown in
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Table 2. Oligomer pseudomolecular ion series detected by ESI(+)/TOF MS in the SOA formed during ozonolysis of enol ethers and alkenes
(n: minimum number of repetitive chain units which are directly identified as neutral fragments in the MS/MS spectra) (MW: molar weight
[g/mol]).

Ether/Alkene Ion Series (m/z)

n n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9

Ethyl propenyl ether 339 399 459 519 579 639 699 759 (a) [M+Na]
(MW 86 g/mol)

EPE, C,HsOCH=CHCHj,

(Sadezky et al., 2006) 293 353 413 473 533 D)

Ethyl vinyl ether 283 329 375 421 467 513 (a) [M+Na]"
(MW 72g/mol) 345 391 437 483 (b) [M+K]"

EVE, C,HsOCH=CH,
(Sadezky et al., 2006)

Ethyl butenyl ether 321 395 469 543 617 691 (a) [M+Na]"
(MW 100 g/mol) 411 485 559 633 1707 (b) [M+K]*
EBE, C,H;OCH=CHC,Hj5
(this work)

437 511 585 F)

305 379 453 527 601 * +
trans-3-hexene 305 379 453 527 (a) [M+Na]"
(MW 84 g/mol) 321 395 469 (b) [M+K]*
C,HsCH=CHC,H;

(this work)

2,3-dimethyl-2-butene 231 305 379 453 (a) [M+Na]"
(MW 84 g/mol) 245 321 395 (b) [M+K]*
(CH3),C=C(CHs),

(this work)

trans-4-octene 273 361 449 537 (a) [M+Na]"
(MW 112 g/mol) 289 377 465 553 (b) [M+K]*
C;H,CH=CHC;H,

(this work)

417 505 593 F)

* Oligomer with m/zidentical to the oligomer ioa) formed during ozonolysis dfans-3-hexene

Fig. 3 displays the two alkyl substituents, R’ on the vinylic  As discussed in the Sect. 3.1.1, the major Criegee Inter-
side =CHR’ of the double bond and R on its enolic side mediate (Cl) formed with yields around 80% during enol
=CHOR. ether ozonolysis originates from the vinylic side of the enol
R'=C,Hs for EBE (GHsOCH=CHGHs), while ethers, thus carr.ying R’ as substitue.nt. The major F:I pro-
R'=H for AVE (ROCH=CH, and R'=CH for EPE QU.ced from EBE is therefore thega;l with R’:C2H5, which
(CoHsOCH=CHCHy). R’ differs thus by mass 14 (GH is identical to the @-Cl formed during ozonolysis dfans
between the AVE and EPE as well as between EPE and EBE’?-hexene (Sect. 3.1.2). The_ results given_ in Fig. 2a and b and
a difference that is reflected in the masses of the observelf! Table 2 show that the oligomers obtained from ozonoly-

oligomer chain units, which are @fm/z46 for the AVE, A sis of EBE andtrans-3-hexene consist of chain units with
m/=60=46 + 14 for éPE and m/z=74=60+14 for EBE,. identical mass 74. Moreover, chain units with similar mass
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Table 3a.ESI(+)/FTICR MS/MS measurements:
Calculated elemental compositions of parent ions, fragment ions and fragmented neutral molecules for the red-marked fragmentation pathway
of the pseudomolecular oligomer ion 379 formed frvems-3- hexene*.

Accurate mass Elemental com- Exact mass Absolute mass er- Relative mass er-
(w) position (u) ror (mDa) ror (ppm)

parent ion

379.19384

[X-[74]2-Y + H] C17H3109 379.1962 -2.4194 —6.3804
[X-[74]2-Y + Na]+ C15H3209Na™ 379.1938 -0.0141 -0.0373

initially fragmented

neutral X CgH1802 146.1306 —0.0499 -0.3421
146.13063

fragment ion

233.06321

[Y-[74]2 + H]T CgH1307 233.0655 -2.3694 -10.1664
[Y-[74] >+ Na]*+ C7H1407Na™ 233.0631 0.0358 0.1537
neutral

chain unit CI C3HgOo 74.0367 0.0604 0.8168
74.03684

fragment ion

159.02637
[Y-[74] + H] + CgH705 159.0287 —2.4299 -15.2798
[Y-[74] + Na] CaHgOsNa™ 159.0263 -0.0246 -0.1549

* The ion 85 appearing in the ESI(+)/TOF MS/MS spectra in Fig. 4a is not visible in the ESI(+)/FTICR MS/MS spectra due to the strong
decrease in sensitivity of the FTICR analyzer for ions wiittzbelow 100 u.

74 are also found for oligomers formed from 2,3-dimethyl- (Table 2 and Figs. 2a and b), which might account for the
2-butene (Fig. 2c and Table 2), which produce ig®Cs- enolic O atom of EBE. Moreover, Table 2 and Fig. 2b and
Cl, an isomer of the &CI. Finally, trans4-octene forms ¢ show thatrans3-hexene and 2,3-dimethyl-2-butene form
the G-ClI, which differs by a CH group of mass 14 from oligomer ions of type (a) and (b) with identical/z Both

the G-ClI produced by EBE anttans-3-hexene. The chain alkenes, like their Cl, are isomers, carrying the same number
units of the oligomers obtained from ozonolysist@ns-4- of carbon and hydrogen atoms as alkyl substituents on each
octene (Fig. 2d and Table 2) reflect this difference by their  side of their double bonds.

m/z=88=74+14. These results point towards a decisive role The results presented in Table 2 and in Fig. 2a—d further-
of the Clin the formation of the oligomers observed as chem-more show that the degree of oligomerization decreases with
ical constituents of the SOA from the different unsaturatedincreasing size of the chain unit. For the most abundant
compounds. oligomers, n is 3 with the chain units of mass 46 (AVE) and

In our previous study (Sadezky et al., 2006), we suggestednass 60 (EPE) (Sadezky et al., 2006), while n is 2 with the
furthermore that the alkoxy group OR on the enolic side chain unit of mass 74 (EBE artthns-3-hexene, Fig. 2a and
of the initial ether is contained once in each oligomer ion. ), @nd n is 1 with the largest chain unit of mass 8&r(s-4-

A comparison of the initial structures of EBE atrans-3-  octene, Fig. 2d).

hexene shows that each symmetric side of the double bond Although the chain units are of similar mass 74, lower de-
of trans-3-hexene is identical to the vinylic side of EBE. The grees of oligomerization are observed for oligomers formed
enolic side of EBE differs from the vinylic side only by the from 2,3-dimethyl-2-butene, with n=1 for the most abundant
enolic O atom directly linked to the double bond. Indeed, theoligomer molecule (Fig. 2c), than for those produced from
Na'™ and Kt adducts of the oligomers (oligomer ion types a EBE andtrans-3-hexene. This observation is consistent with
and b) from ozonolysis of EBE carry an additionalm/z  the low total SOA masses formed during ozonolysis of this
16 in comparison with those formed frotrans-3-hexene  compound, and might be correlated with the low stabilization
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Table 3b. ESI(+)/FTICR MS/MS measurements:
Calculated elemental compositions of parent ions, fragment ions and fragmented neutral molecules for the violet-marked fragmentation
pathway of the pseudomolecular oligomer ion 395 formed from EBE

Accurate mass Elemental com- Exact mass Absolute mass er- Relative mass er-
(w) position (u) ror (mDa) ror (ppm)

parent ion

395.18857

[X-[74]2-Y + H] C17H31010 395.1911 -2.604 —6.5894
[X-[74]2-Y + Na]+ Cq5H30010Na™  395.1887 -0.1988 -0.503

initially fragmented

neutral Y GsH 1203 120.0786 —0.0943 -0.7861
120.07855

fragment ion

275.11002

[X-[74]2 + H]T C12H1907 275.1125 —2.5096 -9.1223
[X-[74] o+ Na]* Cq1gHog0O7Na™ 275.1101 -0.1043 -0.3794
neutral

chain unit CI C3HgOo 74.0367 -0.1095 -1.4792
74.03667

fragment ion

201.07335
[X-[74] + H] T CgH1305 201.0757 —2.4001 -11.9366
[X-[74] + Na] C7H140sNat  201.0733 0.0051 0.0254

rate of theiso-C3-Cl in comparison with the &CI, eventu-  similar colours. Two fragmentation pathways, marked in vi-
ally leading to a lower fraction of Cl undergoing oligomer- olet and red colour in Fig. 4a—d, can be identified for the
ization reactions. type (a) oligomers from all unsaturated compounds. Two
more pathways, marked in dark and light green colour, are
3.3.2 Oligomer ion fragmentations and elemental compo-observed for 2,3-dimethyl-2-butene (Fig. 4c) only.
sitions The results are consistent with MS/MS spectra of oligomer
ions produced from gas phase ozonolysis of AVE and of EPE,
The fragmentation of the pseudomolecular ions using thewhich are presented in our previous study (Sadezky et al.,
ESI(+)/TOF MS/MS mode confirms that they consist of 2006). They show similar fragmentation pathways consist-
an oligomeric structure with the chain unit & m/z=74 ing of successive losses of the chain units 46 for AVE and 60
(ozonolysis of EBE,trans-3-hexene and 2,3-dimethyl-2- for EPE, corresponding to the respective oligomer chain unit.
butene) andA m/z=88 (ozonolysis otrans-4-octene). Ex- In particular, the two fragmentation pathways, marked in vi-
amples of the MS/MS spectra are displayed in Figs. 4a—dplet and red colours, are also identified for type (a) oligomers
which show the fragmentation of a selected specific pseudofrom all enol ethers studied in our previous work (Sadezky et
molecular ion of the type (a) oligomer from each of the four al., 2006). However, in comparison with oligomers formed
unsaturated compounds studied. The elemental composfrom the unsaturated compounds investigated in the present
tions given for the ions and neutrals in Figs. 4a—d were conwork, fragmentation spectra of oligomers formed from AVE
firmed by accurate ESI(+)/FTICR MS/MS measurements. or EPE are much more rich and complex, with up to nine
The main fragment ions observed in the MS/MS spec-fragmentation pathways being simultaneously observed for a
tra can be classified as being part of fragmentation pathparent oligomer ion of type (a) (Sadezky et al., 2006).
ways, formed by successive losses of the chain unit as neu-
tral mass 74 or 88, respectively. Fragmentation pathways
of oligomers from different enol ethers and alkenes, which
show apparent analogies among each other, are marked by
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Table 3c.ESI(+)/FTICR MS/MS measurements:
Calculated elemental compositions of parent ions, fragment ions and fragmented neutral molecules for the violet-marked fragmentation
pathway of the pseudomolecular oligomer ion 379 formed from 2,3-dimethyl-2-butene.

Accurate mass Elemental com- Exact mass Absolute mass er- Relative mass er-
(w) position (u) ror (mDa) ror (ppm)

parent ion

379.19371

[X-[74]2-Y + H] C17H3109 379.1962 —2.5494 -6.7232
[X-[74]2-Y + Na]+ C15H3209Na™ 379.1938 -0.1441 -0.3801

initially fragmented

neutral Y GsH 1203 120.0786 -0.0344 -0.2864
120.07863

fragment ion

259.11510

[X-[74]2 + H]T C12H1906 259.1176 -2.515 -9.7061
[X-[74] o+ Na]*+ C1oH200gNa™ 259.1152 -0.1097 -0.4235
neutral

chain unit CI C3HgOo 74.0367 —0.0495 -0.6688
74.03673

fragment ion

185.07837
[X-[74] + H] + CgH1304 185.0808 —2.4654 -13.3213
[X-[74] + Na] * C7H1404Na™  185.0784 ~0.0602 -0.3254
3.3.3 Elemental compositions sitions of CHO; for the chain unit 46 and £440, for the

chain unit 60 were found for oligomers formed from AVE

Elemental compositions of parent ions, fragment ions andand EPE in our previous study (Sadezky et al., 2006).
fragmented neutral molecules given in Figs. 4a—d, 5 and 6 Concerning the chemical compositions of the parent and
are determined from the measured accunat&values during  fragment ions, in our previous study (Sadezky et al., 2006),
ESI(+)/FTICR MS and ESI(+)/[FTICR MS/MS experiments. we exclusively took into account those sum formulas which
The most likely candidates are selected by comparison of theonsist of the elements C, H, and O only. Due to the fact
measured accurate masses with the calculated exact mass@at good fragmentation spectra are generally obtained dur-
of elemental formulas. The results are shown in Tables 3a—¢hg MS/MS experiments under the low-energy conditions of
and 4a and b. collision-activated dissociation (CAD), we assumed ioniza-

Table 3a shows the detailed calculation for the red-tion by protonation in the ESI(+) ion source. Sodium and
coloured fragmentation pathway of the parent ion 379potassium adduct ions of oxygenated oligomers are usually
formed fromtrans-3-hexene, and Tables 3b—d show the cal- known to give very poor fragment ion spectra or not to frag-
culations for the violet-coloured fragmentation pathway of ment at all under CAD conditions (e. g. Chen et al., 2001).
the parent ions 395 formed from EBE, 379 formed from 2,3-The much higher accuracy and resolution of the FTICR ana-
dimethyl-2-butene, and 449 formed frarans-4-octene. lyzer used in our present study in comparison with the TOF

The results first of all identify the elemental composi- analyzer of our previous work (Sadezky et al., 2006), now al-
tions of the chain units, which, as suggested earlier in thdow us to distinguish the elemental compositions consisting
present work (Sect. 3.3.1.), correspond to those of the respeof C, H, and O only, which are in analogy to those reported
tive major Criegee Intermediates Cl. They are determined agn our previous work (Sadezky et al., 2006), from another
C3HeO2 for the chain unit of mass 74r&ns3-hexene, EBE,  series of sum formulas with very close exact masses contain-
and 2,3-dimethyl-2-butene, Tables 3a—c) an#i§D, for the ing a sodium ion (Tables 3a—d) (Suggestion of the referee 1).
chain unit of mass 88rans-4-octene, Table 3d) with relative The measured accurat®zvalues in Tables 3a—d systemati-
mass errors lower than 2 ppm. Analogous elemental compoeally favour the elemental compositions containing a sodium
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Table 3d. ESI(+)/FTICR MS/MS measurements:
Calculated elemental compositions of parent ions, fragment ions and fragmented neutral molecules for the violet-marked fragmentation
pathway of the pseudomolecular oligomer ion 449 formed fo@ms-4-octene.

Accurate mass Elemental com- Exact mass Absolute mass er- Relative mass er-
(w) position (u) ror (mDa) ror (ppm)

parent ion

449.27189

[X-[88],-Y + H] CooHa109 449.2745 -2.6198 -5.8312
[X-[88]2-Y + Na]*+ CogH4oOgNa™  449.2721 -0.2145 -0.4775

initially fragmented

neutral Y C/H1603 148.1099 —0.0645 -0.4358
148.10988

fragment ion

301.16201

[X-[88], + H]T C15H2506 301.1645 —2.5552 —8.4846
[X-[88] >+ Na]* C13Ho60gNa™ 301.1621 -0.15 -0.498
neutral

chain unit CI C4HgOo 88.0524 -0.1195 -1.3582
88.05231

fragment ion

213.10970
[X-[88] + H] T C11H1704 213.1121 —2.4356 -11.4291
[X-[88] + Na] CoH1g0sNat  213.1097 ~0.0304 -0.1426

ion, with relative mass errors below 1 ppm, while those sum2006), or to the exchange of the Nay a Kt during ioniza-
formulas consisting only of C, H and O show considerably tion in the ESI(+) ion source. Accurate/zvalues measured
higher mass errors. The observation of good fragmentatiorby ESI(+)/FTICR MS show that the oligomer parent ions of
spectra of N& adducts in the case of the present oligomerstype (b) consist of the same elemental composition as the so-
might be in agreement with a high content of oxygen atomsdiated type (a) oligomers with the Nibeing replaced by a
working as electron pair donors. K*. Elemental compositions resulting from the addition of
The presence of the parent ions astNadducts after ~an oxygen atom to either the sodiated or the protonated par-
ESI(+) ionization is further confirmed by ESI(+)/FTICR entions of type (a) instead result in very high relative mass
MS experiments. Tables 4a and b show the results of theerrors of 40 to 60 ppm and are thus ruled out.
ESI(+)/FTICR MS measurements for the parentions formed ESI(+)/FTICR MS measurements have also been per-
from EBE andrans-3-hexene. For the most intense oligomer formed for analyte solutions with added exces$.LiAs
ion series of type (a) (marked in red colour in Fig. 2a—d and inLi ™ ions show a greater affinity to organic molecules than
Tables 2 and 4), measured accuratevalues clearly support Nat and K', the oligomer molecules are supposed to be
the elemental compositions containing a sodium ion, whichionized in the ESI(+) ion source rather through addition of
confirms the results for type (a) parent and fragment ionsLi* instead of Na or K*. In the ESI(+)/FTICR MS spec-
obtained from ESI(+)/FTICR MS/MS measurements in Ta- tra of these experiments, the type (a) parent ions are indeed
bles 3a—d. Furthermore, we examined the parent ions of aeplaced by a series of oligomer parent ions, whose nomi-
less intense oligomer series appearing for most alkenes anaal m/zare by A m/z=16 lower than those of the type (a)
enol ethers, which is assigned as type (b) and marked witloligomer parent ions. The observed mass shifhah/z=16
green colour in Fig. 2a—d and in Tables 2 and 4. The oligomeicorresponds to the difference between & Nad a Lit ion.
series of type (b) differs by an additional m/z16 from  The measured accurat®zvalues of these ions in Tables 4a
the most intense, red-marked series of type (a), which mighaand b confirm that the elemental compositions are identical
correspond to an additional oxygen atom in the oligomerto those of the sodiated type (a) and the potassiated type (b)
molecule, as suggested in our previous work (Sadezky et algligmer ions, with the N& and K™ respectively being re-
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Fig. 4a. SOA formed during the gas phase ozonolysidrahs-3-hexene (initial mixing ratios: 8 ppm ozone, 15 pprans-3-hexene):
ESI(+)/TOF MS/MS spectrum of the parent ion 379 of oligomer (a).

placed by a Lt. The exchange of Naby Li* during ESI(+)  an end group “Y” linked by several chain units “CI” of
ionization upon addition of Lfi ions to the analyte solution mass 46 (AVE), 60 (EPE), 74 (EBHtans-3-hexene and
ultimately proves the identity of the type (a) parent ions as2,3-dimethyl-2-butene), or 88rans4-octene). lonization
Na™ adducts and the correctness of the corresponding surof the type (a) oligomers by ESI(+) most probably takes

formulas of the ions. place through addition of an ion Naleading to the forma-
tion of the pseudomolecular parent ion as a sodium adduct
3.3.4 Principal structure of type (a) oligomers [X-(Cl),-Y+Na]*. In contrast to Sadezky et al. (2006),

where we suggested ion formation by protonation, evaluation

The fragmentation pathways characterized by the regulabf the elemental compositions with the improved mass accu-
loss of the chain unit typically range from/z300 to 400, racy of the FTICR MS rather points towards the presence of
the masses of the oligomer pseudo-molecular ions, down tg@odium and potassium adducts (Sect. 3.3.3.). This was con-
m/zabout 100 for the smallest fragment ions. The regularityfirmed by additional FTICR MS experiments with addition
of these fragmentation pathways and their analogy observedf excess Lt to the analyte solutions. Determination of the
for oligomers from different enol ethers and alkenes in ourelemental compositions by accurate ESI(+)/FTICR MS and
present and previous study (Sadezky et al., 2006) indicat¢1S/MS measurements is discussed in detail in Sect. 3.3.3.
that all type (a) oligomers follow the same structural princi- of this work. The resulting elemental compositions of type
ple. The observations made in our present study corroborat¢) parent ions, fragment ions, and fragmented neutrals are
the general linear oligomeric structure that was suggested bygiven in the Figs. 4, 5, and 6. In the examples schematically
Sadezky et al. (2006) for type (a) oligomers from the ozonol-given in Figs. 5 and 6, the number of chain units comprised
ysis of AVE and EPE. by the oligomer parent ions n is 2, thus leading to the par-

The suggested principal structure for the parent ions, anent ions with masses 283 (EVE), 339 (EPE), 395 (EBE), 379
the two main fragmentation pathways marked in violet and(trans-3-hexene and 2,3-dimethyl-2-butene) and 448ns
red colour, are schematically displayed in Fig. 5 for enol 4-octene) (Table 2).
ethers and in Fig. 6 for symmetric alkenes. Like in Sadezky
et al. (2006), we represent the oligomeric structure of the The fragmentation initiates with a loss of a neutral
parent ions by a chain having a starting group “X” and species X or Y from one side of the pseudomolecular
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Fig. 4b. SOA formed during the gas phase ozonolysis of ethyl butenyl ether EBE (initial mixing ratios: 8 ppm ozone, 15ppm EBE):
ESI(+)/TOF MS/MS spectrum of the parent ion 395 of oligomer (a).

ion [X-(CD),-Y+Na]*, leading to the fragment ion sum formulas CHOs (mass 64) for EVE (R'=H), @HgOs
[X-[CI] ,+NaJ" (violet-marked fragmentation pathway) or (mass 92) for EPE (R'=C}J, CsH12,03 (mass 120) for EBE,
[Y-[CI] ,+Na]" (red-marked fragmentation pathway). Frag- trans-3-hexene (R'=GHs), and 2,3-dimethyl-2-butene, and
mentation continues with n (red-marked fragmentation path-C;H1603 (mass 148) fotrans-4-octene (R'=GHy7).
way) or n-1 (violet-marked fragmentation pathway) succes- The opposite side of the oligomer molecule, the starting
sive losses of a chain unit “CI”, to finally terminate with a group “X” is consequently represented by the terminating
fragment ion [X+Na] (violet-marked fragmentation path- fragment ion [X+Nal of the violet-coloured fragmentation
way) or [Y+Na]" (red-marked fragmentation pathway) rep- pathway, and by the initially fragmented neutral X of the
resenting the opposite side of the oligomer molecule. Thered-coloured fragmentation pathway. In most fragmentation
number of chain units n comprised in the oligomer moleculespectra, only n-1 successive losses of the chain unit “CI” are
corresponds to the number of successive losses of the chaisbserved for the violet-coloured fragmentation pathway, in
unit “CI” as a neutral fragment directly observed in the comparison with n successive losses of “CI” observed for the
MS/MS spectra. Values of n are given in Table 2 and inred-coloured fragmentation pathway. Therefore, in Figs. 5
Fig. 2a—d. and 6, the terminating fragment ions [X+Nahre deduced

In the schematic Figs. 5 and 6, the oligomer end groupby subtraction of another chain unit from the next higher ob-
“Y” is thus represented by the terminating fragment ion served fragment ion attributed to [X—[CI]+Na] Sadezky et
[Y+Na]* of the red-coloured fragmentation pathway, and by al. (2006) also directly observed the ions [X+Najith m/z
the initially fragmented neutral Y of the violet-coloured frag- 127 in the MS/MS spectra of the parent ions 329 and 399
mentation pathway. The terminating fragment ion [Y+Na] formed from EVE and EPE (Table 2).
of the red-coloured fragmentation pathway is shown to be Figs. 5 and 6 show that, for all enol ethers and alkenes,
identical for all enol ethers and alkenes, corresponding tathe terminating fragment ion [X+N&]of the violet-coloured
CH,O3Na™ (m/z85). The initially fragmented neutrals Y fragmentation pathway is based on a basic unit of the ele-
of the violet-coloured fragmentation pathway are generallymental composition gHzO,Na’. For the three enol ethers
composed of a basic unit of similar elemental composition agFig. 5), the elemental composition of [X+Na]s identical,
[Y+Na]™, CH,O3, and additionally twice the vinylic group C4HgOsNa®™ (m/z127), and corresponds to the sum of the
R’ of the initial unsaturated compound. This leads to thealkoxy group OR (R=gH5) of the original enol ethers and
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Fig. 4c. SOA formed during the gas phase ozonolysis of 2,3-dimethyl-2-butene (initial mixing ratios: 8 ppm ozone, 15 ppm 2,3-dimethyl-2-
butene, 300 ppm cyclohexane): ESI(+)/TOF MS/MS spectrum of the parent ion 379 of oligomer (a).

the basic unit @HzO,Na'. This indicates that the ion 127, exchange of an enolic and a vinylic group and is conserved
and all fragment ions of the violet-coloured fragmentation in the fragment ions of their violet-coloured fragmentation
pathway, thus contain the alkoxy group OR from the eno-pathways.

lic side of the enol ether generally comprised once in each Figs. 5 and 6 illustrate that each of the initially fragmented
oligomer parent ion (see Sect. 3.3.1. and Fig. 3). neutrals X and Y of the violet- and red-coloured fragmen-
For the symmetric alkenes, the elemental compositiontation pathway is composed of the elemental composition
of [X+Na]* corresponds to the sum of the basic unit of the terminating fragment ion [X+N&]or [Y+Na]* of
CoH302Nat and the vinylic group R’ (Fig. 6), leading to the respective opposite fragmentation pathway, and addi-
C4HgO2Nat (m/z111) fortrans-3-hexene and 2,3 dimethyl- tionally twice the vinylic group R’. Taking into account the
2-butene, and to £H,00,Na* (m/z125) fortrans-4-octene.  composition of [X+Naf discussed before, the initially frag-
The enolic group OR of the enol ethers is indeed replacednented neutral X of the red-coloured fragmentation pathway
by a second vinylic group R’ in the original unsaturated thus comprises, besides the two additional vinylic groups
molecules of the symmetric alkenes (Sects. 3.1. and 3.3.1.R’, the basic unit GH3zO, of the ion [X+Naj" and ei-
Thus, it is consistent that for symmetric alkenes, [X+Na] ther an enolic group OR (R=Els) for the enol ethers
and all fragment ions of the violet-coloured fragmentation (Fig. 5) or a third vinylic group R’ for the symmetric alkenes
pathway contain the R’ group instead of the enolic group(Fig. 6). The resulting sum formulas for X are the follow-
OR of the enol ethers. For example, the enol ether EBENg: C4H1003 (mass 106) for EVE (R'=H), gH1403 (mass
contains the enolic group OR=Q8s, while the symmetric  134) for EPE (R'=CH), CgH1803 (mass 162) for EBE,
alkenetrans-3-hexene contains the vinylic group R'zis CgH1g02 (mass 146) fotrans-3-hexene (R'=GHs) and 2,3-
instead. Both groups only differ by the enolic O atom. In- dimethyl-2-butene, and £H240, (mass 188) fotrans-4-
deed, [X+Na} and all fragment ions of the violet-coloured octene (R'=GH7). For EBE, X thus contains an additional
fragmentation pathways of oligomers fromans-3-hexene  oxygen atom A m/z16) in comparison witlrans-3-hexene,
differ by an oxygen atom/X m/z16) from those formed which corresponds to the difference between the enolic group
from EBE. The oligomer parent ions formed from trans-3- OCyHs and a vinylic group @Hs. As the location of the ex-
hexene and EBE show the same difference of an O atom ( change of vinylic and enolic group, which differentiates the
m/z=16) (Sect. 3.3.1.), which obviously corresponds to anoligomer parent ions formed frotnans-3-hexene and EBE,
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Fig. 4d. SOA formed during the gas phase ozonolysigrahs-4-octene (initial mixing ratios: 8 ppm ozone, 15 pgrans-4-octene):
ESI(+)/TOF MS/MS spectrum of the parent ion 449 of oligomer (a).

is thus comprised in the initial neutral fragment X, all subse-14) in comparison to those of the red-marked fragmentation
guent fragment ions of the red-coloured fragmentation pathpathway of the same oligomer parent ion. The fourth path-
way following the loss of X are identical for both parentions. way, marked in light green colour, is observed for the parent
oligomer ions from 2,3-dimethyl-2-butene only. Its fragment
Oligomers formed from the symmetric alkene 2,3- ions contain an additional GHinit (A m/z14) compared to
dimethyl-2-butene show the same chemical composition ashose of the violet-marked fragmentation pathway.
those observed fdrans-3-hexene (Sect. 3.3.1 and Table 2).  The description of the oligomeric structure and its frag-
Moreover, their main fragmentation pathways displayed inmentation pathways in Figs. 5 and 6 is consistent with
violet and red colour in Fig. 6 are identical to those of the Sadezky et al. (2006), in which we investigated oligomer
oligomers fromtrans-3-hexene. Like the two initial alkenes, formation from a variety of enol ethers. Figs. 5 and 6 il-
oligomers and their fragment ions originating frarans-3- lustrate that the oligomers shown to be formed from the enol
hexene and 2,3-dimethyl-2-butene are most likely isomersether EBE and the symmetric alkenes in our present work
A parent or fragment ion or a fragmented neutral for 2,3-agree very well with the structural principles suggested in
dimethyl-2-butene can be formally deduced from the analo-our previous study. As in our previous work (Sadezky et
gous ion fortrans-3-hexene by replacing a8ls group and  al., 2006), we define the starting group “X” of the oligomer
an H atom substituent by two GHsubstituents. However, structure by the presence of the enolic group OR of the origi-
in comparison with type (a) oligomers formed franans nal enol ethers in the respective fragment ions and initially
3-hexene, those for 2,3-dimethyl-2-butene show additionafragmented neutrals. The new elemental compositions of
fragmentation pathways marked in dark and light green inparent and fragment ions determined by ESI(+)/FTICR in
the MS/MS spectrum in Fig. 4c. The fragmentation path-our present work demonstrates the analogy among initially
way marked in dark green colour is apparently analogous tdragmented neutrals X and Y and terminating fragment ions
a third fragmentation pathway identified for oligomers from [X+Na]™ and [Y+Na]" representing the two endings “X”
the enol ethers EVE and EPE (Sadezky et al., 2006), anénd “Y” of a linear oligomeric chain.
terminates for all three unsaturated compounds on a frag-
ment ion of identicalm/z 99. The fragment ions of this
pathway generally comprise an additional £thit (A m/z
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Table 4a. ESI(+)/FTICR MS measurements of oligomers formed frmams-3-hexene: Elemental compositions of type (a) and type (b)
parent ions, and of parent ions after addition of ltd the analyte solution.

Accurate mass Elemental Exact mass Absolute mass  Relative mass
(u) composition (u) error (mDa) error (ppm)
379.19364
Type (a) parent ion
[X-[74]-Y + H] Cy7H;,09 379.1962 26194 -6.9078
[X-[74],-Y + Na|* Cy5H;,00Na" 379.1938 -0.2141 -0.5647
395.16762
Type (b) parent ion
[X-74]-Y + K[ C5H;3,00K" 395.1677 -0.1723 -0.4361
[X-[74]-Y(O) + Na]" Cy5H3,0,0Na” 395.1887 -21.1488 -53.5184
[X-[741,-Y(O) + H]" Cy7H3,00 395.1911 -23.554 -59.6051
363.22029
parent ion with Li"
exchange
[X-[74]-Y + Li]* C;5H;,0 Li* 363.22 0.201 0.5534
453.23031
Type (a) parent ion
[X-[74];-Y + H] CyH3,01; 453.233 -2.7289 -6.021
[X-[74]5-Y + Na|* C,3H330;;Na" 453.2306 -0.3236 -0.7141
469.20431
Type (b) parent ion
[X-74]5-Y + K[* C5H30,, K" 469.2045 -0.2618 -0.5581
[X-[74]5-Y(O) + Na]’ CygH;350,,Na” 469.2255 -21.2383 -45.2644
[X-[74]-Y(O) + H] CyH3,0), 469.2279 -23.6435 -50.3907
437.25712
parent ion with Li*
exchange
[X-[74]5-Y + Li]* C5H330y; Li* 437.2568 0.2515 0.5752
527.26708
Type (a) parent ion
[X-[74]+-Y + H] Cp3Hy3015 527.2698 -2.7384 -5.1936
[X-[74]4-Y + Na]* CyHy4O3Na* 527.2674 -0.3332 -0.6319
543.24117
Type (b) parent ion
[X-74]-Y + K] CyHy01:3K" 543.2413 -0.1813 -0.3339
[X-[74]4-Y(O) + Na]" C,H40,4Na 543.2623 211578 -38.9473
[X-[74]+-Y(O) + H]" Cp3Hu3014 543.2647 -23.563 -43.3749
511.29410
parent ion with Li"
exchange
[X-[74]4-Y + Li]* CyHyOy; Li 511.2936 0.452 0.884
3.3.5 Isomers multaneously identified for each parent oligomer ion formed

from AVE and EPE. In our previous study by Sadezky et
from the unsaturated compounds studied in the present work@gmentation spectra for AVE and EPE to the existence of
are much less complex than those described for the encféveral isomers of the linear type (a) oligomer parent ion.
ethers AVE and EPE in our previous study (Sadezky et al.,T herefore, in the MS/MS spectrum of a pseudomolecular ion
2006). While between two and four fragmentation pathways0f @ certaimm/z the fragmentation pathways of all its isomers
are observed for each type (a) oligomer parent ion in the2PP€ar simultaneously, leading to the observed large number

present work, up to nine fragmentation pathways were si-°f different fragmentation pathways.
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Table 4b. ESI(+)/FTICR MS measurements of oligomers formed from EBE: Elemental compositions of type (a) and type (b) parent ions,
and of parent ions after addition of Lito the analyte solution.

Accurate mass Elemental Exact mass Absolute mass  Relative mass
(u) composition (u) error (mDa) error (ppm)
395.18899
Type (a) parent ion
[X-[74],-Y + H]' Cy7H3,0:9 395.1911 -2.184 -5.5266
[X-[74],-Y + NaJ" CsH3,04oNa* 395.1887 0.2211 0.5597
411.16333
Type (b) parent ion
[X-74],-Y + K]|* CsH3,0,0K" 411.1627 0.6229 1.5152
[X-[74],-Y(O) + Na]" Cy5H3,0,/Na 411.1836 -20.3534 -49.502
[X-[74],-Y(O) + H] C7H3,0y, 411.186 -22.7586 -55.3518
379.21525
parent ion with Li
exchange
[X-[74],-Y + Li]" CsH;3,0y Li* 379.215 0.2463 0.6497
469.22592
Type (a) parent ion
[X-[74]5-Y + H] CyoH37,01, 469.2279 -2.0335 -4.3338
[X-[74]5-Y + Na]” C,5H;330,,Na”* 469.2255 0.3716 0.7921
485.20006
Type (b) parent ion
[X-74];-Y + K]* CysH30,K" 485.1994 0.5734 1.1819
[X-[74]5-Y(O) + Na]" CgH3303Na” 485.2204 -20.4029 -42.0505
[X-[74]5-Y(O) + H]" CyH37013 485.2228 -22.8082 -47.0078
453.25202
parent ion with Li*
exchange
[X-[74]5-Y + Li]" C3H330;; Li* 453.2517 0.2368 0.5226
543.26322
Type (a) parent ion
[X-[74],-Y + H]" Cy3Hy3004 543.2647 -1.513 -2.7852
[X-[74],-Y + Na]" CyHy40,4Na" 543.2623 0.8921 1.6422
559.23724
Type (b) parent ion
[X-74],-Y + K]* CyHy0 K" 559.2362 0.9739 1.7415
[X-[74]4,-Y(O) + Na]" C,HyOpsNa™ 559.2572 -20.0024 -35.7673
[X-[74]4-Y(O) + H]" Cyp3Hy3055 559.2596 -22.4077 -40.0683
527.28896
parent ion with Li*
exchange
[X-[74]4Y + Li]* CyHy Oy Li* 527.2885 0.3973 0.7535

The much smaller number of fragmentation pathways ob-for EPE) in our previous study (Sadezky et al., 2006). With
served in the present work therefore indicates that a muclincreasing size, the chain units eventually become more ster-
smaller variety of isomers exists for these oligomer parentically hindered, an effect that might exclude the formation
ions. The reason of this might be the larger size of theof some isomers and moreover reduce the total degree of
oligomer chain units, which are of mass 743HgO, for oligomerization (Sect. 3.3.1).

EBE, trans3-hexene and 2,3-dimethyl-2-butene) and mass |nterestingly, MS/MS spectra of type (a) oligomers formed
88 (GHgO; for trans4-octene) in the present work com- from 2,3 -dimethyl-2-butene show at least four different
pared to mass 46 (G, for AVE) and mass 60 (§H402  fragmentation pathways (Fig. 4c), while those of type (a)
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[X_ [CI]Z —Y+ Na]+ Parent ion

Ethyl vinyl ether (R® = H): C.H,,0,,Na* (283) *
Ethyl propenyl ether (R = CH3): C,,;H,,0,,Na* (339) *
Ethyl butenyl ether (R* = C2H5):  C,;H,,0,,Na* (395)

Initial neutral loss X: C,H O, +2 x R¢ Initial neutral loss Y: CH,0, +2 x R¢
Ethyl vinyl ether (R¢ = H): C,H,,0, (106) Ethyl vinyl ether (R = H): CH,O; (64)
Ethyl propenyl ether (R* = CH;): C;H,,05 (134) Ethyl propenyl ether (R* = CH,): C;H,O; (92)
Ethyl butenyl ether (R* = C,Hy): CgH,;0, (162) Ethyl butenyl ether (R = C,H;): C;H,0; (120)
v v

Fragment ion [Y—[CI], + Na]* [X— [CI]; + Na]*  Fragment ion

C,H,0,Na* (177) Ethyl vinyl ether (R* = H): C¢H,,0,Na* (219)
CsH,,0,Na* (205) Ethyl propenyl ether (R* = CH,): CgH,,O,Na* (247)
C.H,,O,Na* (233) Ethyl butenyl ether (R = C,Hy) C,oH,,0,Na* (275)

Loss of neutral chain carrier [CI]: Loss of neutral chain carrier [CI]:
Ethyl vinyl ether (R* = H): CH,0, (46) Ethyl vinyl ether (R¢ = H): CH,0, (46)
Ethyl propenyl ether (R = CH;): C,H,0, (60) Ethyl propenyl ether (R* = CH;): C,H,0, (60)
Ethyl butenyl ether (R* = C,Hy): C;H,0, (74) Ethyl butenyl ether (R¢ = C,H,): C,H,0, (74)
v v
Fragment ion [Y—[CI], + Na]* [X—I[CI], + Na]*  Fragment ion
C,H,0,Na* (131) Ethyl vinyl ether (R* = H): CH,,O,Na* (173)
C,H,O;Na* (145) Ethyl propenyl ether (R* = CH,): C¢H,,0,Na* (187)
C,HyONa* (159) Ethyl butenyl ether (R* = C,H,) C,H,,0,Na* (201)
Loss of neutral chain carrier [CI]: Loss of neutral chain carrier [CI]:
Ethyl vinyl ether (R¢ = H): CH,0, (46) Ethyl vinyl ether (R¢ = H): CH,O, (46)
Ethyl propenyl ether (R = CH,): C,H,0, (60) Ethyl propenyl ether (R = CH;): C,H,0, (60)
Ethyl butenyl ether (R* = C,H;): C;HO, (74) Ethyl butenyl ether (R* = C,Hs): C;H,0, (74)
v v
Final fragment ion Y [Y + Na]* [X+ Na]*  Final fragment ion X
CH,O;Na* (85) C,H,O,Na* (127)
for all enol ethers = C,H,0,Na* + OR
L (R = C,H,) for all enol ethers J

* Oligomers studied in our previous work (Sadezky et al., 2006).

Fig. 5. Schematic structure and main fragmentation pathways of type (a) oligomers formed during gas-phase ozonolysis of enol ethers (n=2).
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[X_ [CI]2 —Y + Na]* Parent ion
trans-3-hexene (R* = C,H;) and 2,3-dimethyl-2-butene : C,;H,,0,Na* (379)
trans-4-octene (R = C;H,) : C,(H,,0,Na* (449)

Initial neutral loss X: C,H;0, + 3 x R*

trans-3-hexene (R* = C,Hy): C¢H O, (146)

trans-4-octene (R = C;H,): C,H,,0, (188)

for 2,3-dimethyl-2-butene: CH 40, (146)
=C,0, +6 x CH,

v

Fragment ion

[Y—[CI], + Na]*

v

[X—ICI], + Na]*

Initial neutral loss Y: CH,0; + 2 x R¢
trans-3-hexene (R* = C,Hy):  C;H,,04 (120)
trans-4-octene (R* = C;H,):  C;H, (04 (148)
for 2,3-dimethyl-2-butene: C;H,,0, (120)
=CO; +4 x CH,

Fragment ion

C,H,,0,Na" (233) trans-3-hexene (R = C,H,) and 2,3-dimethyl-2-butene C, H,,O,Na" (259)

CoH (O, Na* (261)

Loss of neutral chain carrier [CI]:
trans-3-hexene (R* = C,Hy): C;H,0, (74)
trans-4-octene (R = C;H,): C,Hg O, (88)
for 2,3-dimethyl-2-butene: C;H,O, (74)

= C(CH,),0,

Fragment ion

[Y—I[CI], + Na]*

trans-4-octene (R* = C;H,)

[X—[CI], + Na]*

C,;H,04Na" (301)

Loss of neutral chain carrier [CI]:
trans-3-hexene (R* = C,Hy): C;H,O, (74)
trans-4-octene (R* = C;H,): C,H 0, (88)
for 2,3-dimethyl-2-butene: C;H,O, (74)

= C(CH,),0,

Fragment ion

C,H,OsNa" (159) trans-3-hexene (R* = C,Hs) and 2,3-dimethyl-2-butene C,H ,O,Na* (185)

C4H,,05Na* (173)

Loss of neutral chain carrier [CI]:
trans-3-hexene (R* = C,Hy): C;H,0, (74)
trans-4-octene (R* = C;H,): C,H 0, (88)
for 2,3-dimethyl-2-butene: C;H,0, (74)

= C(CH,),0,

Final fragment ion Y [Y + Na]*
CH,O,Na* (85)

for all alkenes

trans-4-octene (R = C;H,)

-

v

\

CoH 50, Na* (213)

Loss of neutral chain carrier [CI]:
trans-3-hexene (R* = C,Hs): C;H,0, (74)
trans-4-octene (R* = C;H,): C,H O, (88)
for 2,3-dimethyl-2-butene: C;H,O, (74)

= C(CH,),0,

[X+ Na]* Final fragment ion X (hypothetic):

C,H,0,Na* + R¢
trans-3-hexene (R* = C,Hy): C,H;O,Na* (111)
trans-4-octene (R° = C;H,): C;H,,O,Na* (125)
for 2,3-dimethyl-2-butene: C,H;O,Na* (111)
=C,H,0,Na*"+ 2 x CH,

\

2687

Fig. 6. Schematic structure and main fragmentation pathways of type (a) oligomers formed during gas-phase ozonolysis of symmetric
alkenes (n=2).

oligomers from both EBE antlans-3-hexene (Fig. 4c) con- leads to formation of théso-C3-Cl ((CH3)2COOQ) (Fig. 4a

tain only two fragmentation pathways, marked in red and vi-and b), while the major CI produced by both EBE draths-

olet colours. However, the chain units of oligomers from 3-hexene is the £CI (Co,HsCHOO). When we assume that
all three compounds are of similar mass 74 and chemicathe oligomer chain units 74 gElgO2) from EBE andtrans
composition GHgO>. A main difference between the com- 3-hexene and those from 2,3-dimethyl-2-butene are isomers
pounds is in the structures of their CI: 2,3-dimethyl-2-butenein the same way as the respective Cl formed during the
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ozonolysis reaction, then the chain unit that is substitutedschematical oligomer structure X-[GHY (Sect. 3.3.4.). Ac-
like theiso-C3-Cl, by two CH; groups is expected to be more curate mass measurements by ESI(+)/FTICR in our present
compact and therefore less sterically hindered than the chaiwork, leading to definitive elemental compositions for par-
unit that is substituted, like thezdCl, by a linear alkylic  entions, fragment ions, and fragmented neutrals, now allow
chain R'= GHs. the identification of the oligomer starting and end groups
Therefore, oligomers with chain units of mass 74 sub-X and Y. Structures for X and Y in their roles as initially
stituted corresponding to thiso-C3-Cl might be able to  fragmented neutrals and final fragment ions are given to-
form a wider variety of isomers than those with chain gether with a structure of the complete oligomer molecule
units of similar mass 74 that are substituted correspondin Figs. 7b and c. The sum formulas of the parent ions nec-
ing to the G-Cl. For example, the fragmentation pathway essarily lead to linear, saturated oligomer molecules. While
marked in dark green colour (Fig. 4c), which generally ter- the chemical compositions of the chain units “CI” and the
minates on fragment ions afi/z 99, is observed for the end group “Y” correspond to those of the respective ClI, the
type (a) oligomer ions formed from 2,3-dimethyl-2-butene starting group “X” obviously consists of a molecule of the
(iso-C3-Cl, (CH3)2COO0) (Fig. 4c), but not for those from initial alkene or enol ether (Fig. 7c). Fragmentation mech-
EBE andtrans-3-hexene (g-Cl, C,HsCHOO) (Figs. 4a  anisms for the oligomer molecules given in Fig. 7b, which
and b). Furthermore, an analogous fragmentation pathare in agreement with the observations from the MS/MS ex-
way is observed for type (a) oligomers formed from AVE periments described in Sect. 3.3.4., are exemplarily shown in
(C1-Cl, CH,00) and EPE (gCl, CH3CHOO) (Sadezky Figs. 7d and e for the oligomer parent ion 379 formed from
et al., 2006), but not for those frotrans-4-octene (G-Cl, trans-3-hexene.
C3H7CHOOQ) (Fig. 4d). Assuming that the oligomer chain  Oligomers with suggested similar structures are known so
units are generally substituted in a similar way as the re-far only from liquid-phase ozonolysis reactions (Barton et
spective major Cl, chain units from EBfans-3-hexene and  al., 2005, 2004; Lockley et al., 2001; and references therein).
trans-4-octene supposedly comprise a linear alkyl substituenBarton et al. (2004) identified by ESI/MS oligoperoxides
R’= CoHs (EBE andtrans-3-hexene) or R'= gH7 (trans-4- with m/zup to 900 u as reaction products from liquid-phase
octene). Chain units from 2,3-dimethyl-2-butene, AVE and ozonolysis of 2,3-dimethyl-2-butene (“tetramethyl ethylene”
EPE, however, carry only CHsubstituents (2,3-dimethyl- TME) in pentane as a nonparticipating solvent at>@&0rhe
2-butene and EPE) or are not at all substituted (AVE). Theperoxidic chain link of the mass peaks was of mass 74 and
dark green-coloured fragmentation pathway might thus orig-thus corresponded to the ClI formed during ozonolysis of 2,3-
inate from an isomer of the pseudomolecular ion, which isdimethyl-2-butene, referred to as acetone carbonyl oxide by
formed only for small chain units similar to thgo-C3-Cl or  the authors and dso-Cs-Cl (CH3)2COO in this work. The
less bulky (G-Cl, C,-Cl), but might not be stable for sterical authors observed up to 12 chain units for different oligoper-
reasons for chain units comprising a linear alkyl substituentoxides. These observations are in excellent agreement with
with two or more CH groups (G-Cl, C4-Cl). our results for ozonolysis reactions of enol ethers and small
alkenes in the gas phase described in the present work and in
3.3.6 Oligoperoxidic structure and role of CI for oligomer our previous study (Sadezky et al., 2006). By similar experi-
formation mental methods, Barton et al. (2005) characterized oligoper-
oxides formed from the liquid-phase ozonolysis of 3-methyl-
These results first of all corroborate the decisive role of the2-pentene, which consisted of units of the major CI, re-
Criegee Intermediates in the formation of oligomers, whichferred to as butanone carbonyl oxides{Cl, C3H7CHOO,
was already suggested in our previous study (Sadezky enass 88), randomly copolymerized with units of the corre-
al., 2006). Indeed, the linking chain units of the differ- sponding primary carbonyl compound, acetaldehyde (mass
ent oligomers repeatedly have the same elementary compat4). The observations of oligomeric peroxides composed of
sitions as the Criegee Intermediates Cl (see Sect. 3.3.4.Cl-like chain units are again in very good agreement with
CH202 (=CH>0O0 for C-Cl) of mass 46 (AVE), GH40» our studies and with Barton et al. (2004). However, a ran-
(=CH3CHOO for G-CI) of mass 60 (EPE), §HgO2 (= dom incorporation of the corresponding primary aldehydes
CoH5CHOO for G-Cl or (CHgz)2COO for iso-C3-Cl) of into those oligomer chains, as was observed by Barton et
mass 74 (6-Cl: EBE andtrans-3-hexene;iso-C3-Cl: 2,3-  al. (2005), could not be confirmed in our experiments.
dimethyl-2-butene) and £HgO, (=C3H7;CHOO for G-ClI) For gas-phase ozonolysis, various mechanisms involv-
of mass 88tfans-4-octene). In our previous study (Sadezky ing secondary reactions of Criegee Intermediates have been
et al., 2006), we suggested the basic structure of an oligopediscussed in the literature as formation pathways of major
oxide for the oligomers identified from ozonolysis of the SOA constituents. Unimolecular decomposition of Criegee
enol ethers AVE and EPE. We extend this suggestion nowntermediates via the “hydroperoxide” and the “hot acid”
to the oligomers formed from the diverse unsaturated com<channel has been suggested as an important pathway to
pounds studied in the present work. Figure 7a presents théorm low-volatile carboxylic acids, diacids, and peroxidic
Cl-like peroxidic oligomer chain units incorporated into the compounds, such as diacylperoxides, peracids and other
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with R’=H  (C,-CI, mass 46) for AVE (ROCH=CH,),

H R’=CH; (C,-CI, mass 60) for EPE (C,H;sOCH=CHCH,)
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Fig. 7. Oligoperoxidic structure suggested for the oligomers formed during gas-phase ozonolysis of enol ethers anfajl&iiks
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Fig. 7. Oligoperoxidic structure suggested for the oligomers formed during gas-phase ozonolysis of enol ethers an(dpi@igesentation
of the oligomer parent ion 379 formed during ozonolysisrahs-3-hexene: violet-marked fragmentation pathweyFragmentation of the
oligomer parent ion 379 formed during ozonolysidrais-3-hexene: red-marked fragmentation pathway.

multifunctional hydroperoxides, during reactions with ozone cloalkenes containing six to ten carbon atoms (Tolocka et al.,
of cyclic monoterpenes and cycloalkenes consisting of at2006; Ziemann, 2003). Some of the peroxidic products have
least six carbon atoms (Tolocka et al., 2006; Docherty et al.peen observed to undergo further association reactions with
2005; Keywood et al., 2004; Ziemann, 2002; Koch et al., other molecules in order to form high-molecular weight com-
2000). Moreover, reactions of stabilized Criegee Intermedi-pounds either in the liquid phase within the SOA particles or
ates lead to a wide variety of products containing peroxideheterogeneously on the particle surface. Thus, hydroperox-
moieties, several of which were identified in the past as SOAides formed either by unimolecular decomposition of CI or
constituents from alkene ozonolysis. The most important re-by reactions of stabilized Cl have been observed to react with
actions among them are those of the stabilized CI with car-a variety of aldehydes to form peroxyhemiacetals (Zahardis
bonyl compounds to form secondary ozonides and with hy-and Petrucci, 2007, and references therein; Docherty et al.,
droxylic functionalities of carboxylic acids, alcohols and wa- 2005, and references therein). Moreover, peroxidic prod-
ter to forma-acyloxyalkyl hydroperoxidesy-alkyloxyalkyl ucts in the oleic acid/ozone and cholesterol/ozone reaction
hydroperoxides and-hydroxyalkyl hydroperoxides, respec- systems might carry additional free hydroxyl, carbonyl, or
tively. Such products were particularly identified in SOA carboxylic acid functionalities, which can further react with
from ozonolysis reactions of large linear alkenes, such asther stabilized Criegee Intermediates to form oligomeric
1-tetradecene, oleic acid and methyl oleate (Zahardis andompounds (Zahardis and Petrucci, 2007; Zahardis et al.,
Petrucci, 2007, and references therein; Tobias et al., 200Q2006; Dreyfus et al., 2005).

Tobias and Ziemann, 2000). The presence of secondary However, none of the above-described mechanisms is con-
ozonides and-alkyloxyalkyl hydroperoxides has also been g;jstent with the formation of oligomers with/z200 to 800
reported in SOA formed from cyclic monoterpenes and cy-ang repeated Cl-like chain units identified as main SOA
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anisms suggested to lead to SOA formation by unimolecu-

lar decomposition of Cl are acyl radicals, whose structures "o
are based on the original Cl formed from cyclic alkenes and e L0 ot o
monoterpenes and therefore consist of at least five to six C

atoms with additional carbonyl or hydroxy functionalities.

These acyl radicals are first transformed into acylperoxy radi-
cals by addition of @, which then either react with Hand \k
/O

RO, to form low-volatile acids, diacids, peracids and other . .
peroxides (Docherty et al., 2005; Keywood et al., 2004) or o° ©
i i HO \o o —>

constituents in our experiments. Key species of the mech- \k
/O

cross-react to form diacylperoxides (Ziemann, 2002). How-
ever, for the small linear alkenes and enol ethers investi-
gated in this work and in our previous study (Sadezky et al.,
2006), the same mechanisms of unimolecular Cl decomposi-

tion only lead to acyl radicals of the type R'CO, with R'=H, j\ N__O"
CHgs, CoHs, or CG3H7. By further reaction with @, HO, and o \O 0o o . °
RO, the acyl radicals R'CO form mainly volatile products

consisting of four or less C atoms or immediately decom-

pose, while their recombination by cross-reaction (Ziemann,

2002) leads to dimers only and cannot explain the origin of
the observed oligomeric chains. o
HO 0

+HO

Similarly, peroxidic SOA constituents formed by reac- j/
tions of the stabilized CI, such as secondary ozonides,
acyloxyalkyl hydroperoxides and-alkyloxyalkyl hydroper-
oxides, involve CI that consist of nine, ten or 13 carbon j\ j\
atoms for the ozonolysis of linear alkenes such as olelc SN
acid (Zahardis and Petrucci, 2007), methyl oleate (Mochlda j/
et al., 2006), and 1l-tetradecene (Tobias et al., 2000; To-
bias and Ziemann, 2000), and of six to ten carbon atoms
for cyclic alkenes (Ziemann, 2003) and the monoterpene Fig. 8. Formation of the oligomer molecule representing the parent
pinene (Tolocka et al., 2006). By their secondary reactionsjon 379 during ozonolysis dfans-3-hexene: Oligomer formation
these stabilized Cl often become associated to aldehydes dy repeated addition of a stabilized Cl to a peroxy radical.
carboxylic acids of similar sizes, such as nonanoic acid (oleic
acid/ozone system, Zahardis and Petrucci, 2007; Zahardis
et al., 2006), tridecanal (1-tetradecene ozonolysis, Tobias eshould be very limited for the ozonolysis of the compounds
al., 2000), or pinonaldehyde:{pinene ozonolysis, Tolocka studied in our work. These mechanisms require the pres-
et al., 2006), leading to large, low-volatile peroxidic com- ence of free carbonyl or hydroxylic functionalities on the
pounds consisting of 18 and more carbon atoms. Howeverperoxidic products, which might allow them to further react
the Cl formed from the small unsaturated compounds investiwith other stabilized Cl. However, the Cl incorporated into
gated in our present work and in our previous study (Sadezkyhe oligomeric molecules carry hydrogen atoms and alkyl
et al., 2006) consist of one to four carbon atoms only. Knowngroups, with R'=H, CH, C;Hs, or G3H7. Given the linearity,
gas-phase reaction pathways following ozonolysis do notsmall sizes and simple structures of the original unsaturated
lead to larger carbonyl, carboxylic or hydroxylic products ei- compounds, the main carbonyl, carboxylic and hydroxylic
ther. Therefore, analogous peroxidic products of reactions oproducts formed in the reaction system also comprise a sin-
the stabilized Cl with aldehydes and carboxylic acids formedgle functionality and a non-reactive group derived from R’
in the alkene/ozone reaction system are mainly expected téor from OR for the enol ethers) rather than being multifunc-
be volatile. Peroxyhemiacetals formed by subsequent readional. Therefore, oligomerization mechanisms based on the
tion of these compounds with aldehydes within the same reparticipation of additional reactive functional groups on R’
action system, as described by Zahardis and Petrucci (2007§pr OR) cannot explain the observed formation of oligomeric
and references therein, and by Docherty et al. (2005), ang¢hains consisting of Cl-like units in our present work.
references therein, do not account for the observed oligomers Still there is mechanistic evidence that the chemistry of
with regular Cl-like peroxidic chain units either. Moreover, stabilized CI plays a decisive role in oligomer and SOA for-
oligomerization of these reaction products by mechanismsnation in our reaction system. Cl formed from the ozonoly-
similar to those described for the oleic acid/ozone reactionsis of small simple alkenes in the gas phase and stabilized
by Zahardis and Petrucci (2007) and Zahardis et al. (2006py collision with inert gas molecules have been shown to

www.atmos-chem-phys.net/8/2667/2008/ Atmos. Chem. Phys., 8, 268692008



2692 A. Sadezky et al.: Oligomer and SOA formation from gas-phase alkene ozonolysis

289

1.2e4 4

¢ Oligomer with m/z identical to
oligomer (a) formed during

1204 .
ozonolysis of frans-3-hexene

1 1ed . . ..
¢ Oligomer ions arising from

addition of chain units 46 to

1.0e4 4 V oligomers
Q000.0 4 + Fragment ions 159, 185, 231, 259, 277
¢ 370

5000.0 A e
®
=
=
S 7000.0
=
7 v
S B000.0 4
£ 297
= 323

5000.0 <

- e
4000.0 4 ¢
s o 369 +
46 46 425
3000.0 4 >
74
S
2000.0 4
1000.0 4 e d13 471

aaz
aps
407 raﬁ‘_\_ Lqeg‘ 408 g4z
Louabdlh tlualy Ll L L

oo 4 ? 4 T t
120 140 460 180 200 220 240 260 230 300 320 340 360 380 400 <420 4490 460 430 S00 520 540 560
miz, amu

Fig. 9. ESI(+)/TOF MS mass spectrum of SOA formed during simultaneous gas phase ozondismis-8fhexene and EVE (initial mixing
ratios: 8 ppm ozone, 8 ppm EVE, 12 ppgrans-3-hexene).

undergo a variety of reactions similar to those known for aalso shown to be strongly reduced in the presence of water
long time from liquid-phase chemistry (Calvert et al., 2000, vapour (Sadezky, 2005). HCOOH, and to a lesser extent
and references therein; Bunnelle, 1991). Reactions of the staH,0, are known to act as efficient scavengers for stabilized
bilized G-Cl and G-CI have been thoroughly investigated CI through the above-mentioned formation of hydroperoxy
for gas-phase ozonolysis of alkyl vinyl ethers (AVE) and formates and hydroxy hydroperoxides. Consequently, the
ethyl propenyl ether (EPE) (Sadezky, 2005), ethene (Neelkey reaction mechanisms leading to SOA and oligomer for-
etal., 1998, 1997), 2-butene (Horie et al., 1997) and propenenation are in direct concurrence with the known reactions
(Neeb et al., 1996). A variety of peroxidic products analo- of the stabilized ClI with HCOOH or D to form low-
gous to those described above for larger linear alkenes wermolecular, volatile hydroperoxides. The observations point
identified in these studies: thus, the stabilizgd@ and G- towards a direct implication of stabilized Cl in the SOA and
ClI react with formaldehyde and acetaldehyde to form sec-oligomer formation.

ondary ozonide_s ano_l with the hydroxylic functiona_lities of Therefore, we suggested in our previous study (Sadezky et
water and formic acid to produce the hyd.roperoxmes hy'al., 2006) that oligoperoxide formation is another, so far un-
droxymethyl and hydroxyethyl hydroperoxide, as well as known gas-phase reaction of stabilized CI, which contributes
hydroperoxymethyl and hydroperoxyethyl formate, reSPEC-5 SOA formation. In our present work, we show that the
tively. All these products are however highly volatile due observed formation of oligomers consisting of repeated CI-
to their low molecular weights and were identified only in like chain units as main SOA constituents is not limited to

the gas phase of.the alker_1e/ozone reaction systems. We "Bhol ethers, but occurs in an analogous way for short-chain
ported in our previous studies (Sadezky et al., 2006; Sadezk

2005) that SOA yields from ozonolysis of ethyl vinyl ether ¥1ydrocarbon alkenes.

(EVE) and ethyl propenyl ether (EPE) were drastically re- 10 our knowledge, besides our previous study by Sadezky
duced, eventually suppressed, in the presence of an excess & al- (2006), formation of stable reaction products contain-
gaseous HCOOH. Simultaneously, oligomers were not deing several linked Cl-like units has not been reported pre-
tected onto the filter samples taken from these experiment¥iously for gas-phase ozonolysis. So far, such reactions

(Sadezky et al., 2006; Sadezky, 2005). SOA formation wadave been observed for alkene-ozone reactions in the liquid
phase only. Thus, recombination of two CI leading to the
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Fig. 10a. SOA formed during simultaneous gas phase ozonolystsao&3-hexene and EVE (initial mixing ratios: 8 ppm ozone, 8 ppm
EVE, 12 ppmtrans-3-hexene): ESI(+)/TOF MS/MS spectrum of the parent ion 305.

formation of cyclic geminal diperoxides (1,2,4,5-tetroxanes)ton et al. (2005) and Barton et al. (2004) for liquid-
was described as a minor reaction of stabilized ClI duringphase ozonolysis of the hydrocarbon alkenes 2,3-dimethyl-2-
the ozonolysis of oleic acid (Zahardis and Petrucci, 2007;butene ((CH)>C=C(CHg)2), 3-methyl-2-pentene, arithns
Reynolds et al., 2006; Zahardis et al., 2005). Oleic acid-2-hexene. As mentioned before, oligoperoxides identified as
ozone reactions in these studies take place in the condensedaction products of the ozonolysis of 2,3-dimethyl-2-butene
phase either in bulk solution with high reactant concentra-in the liquid phase by Barton et al. (2004) and in the gas
tions (Reynolds et al., 2006) or in liquid submicron aerosolphase in our present work show the same repetitive chain
droplets after diffusion of ozone into the particles (Zahardislink of mass 74, which corresponds to the only Criegee In-
and Petrucci, 2007; Zahardis et al., 2005). Moreover, 1,2,4,5termediate (CH)2COO (so-C3-Cl) formed by this alkene.
tetroxanes are known as common crystalline byproduct®ligoperoxides identified by Barton et al. (2005) and Bar-
of many bulk liquid-phase ozonolysis reactions (Bunnelle,ton et al. (2004) are mainly cyclic hexamers or pentamers,
1991). Formation of linear Cl dimers in the liquid phase with minor products consisting of linear chains endcapped
is mentioned by March (1992), these compounds are howby —OOH or —OH groups. Moreover, these oligomeric prod-
ever reported to be unstable and to directly decompose intaicts were found by Barton et al. (2004) to be thermally
two carbonyl compounds and,OTolocka et al. (2006) take stable when extracted and refluxed in methanol for a few
into consideration a cyclic or linear dimer of two stabilized hours, a behaviour that agrees with their observed stability in
ClI with an added RO, which then undergoes elimination methanol used as solvent for the filter extraction in our work.
of HyO» either in the condensed particle phase or duringFurthermore, Barton et al. (2004) observed a strong compe-
the ionization process, for an unknown product observed irtition among the described formation of oligoperoxides con-
the mass spectra of SOA from gas-phase ozonolysig-of sisting of Cl-like units and well known liquid-phase reac-
pinene. The authors suggest that the linear dimer moleculgjons of the CI with compounds carrying hydroxylic func-
if formed, might be capped by the added® tionalities to form small hydroperoxides (see above; Bun-
Linear oligomerization of CI leading to stable long- neII_e, 1991_). The authors reported oligpperoxide formation
chain oligoperoxides was so far only reported by Bar- during liquid-phase ozonolysis of 2,3-dimethyl-2-butene to
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Fig. 10b. SOA formed during simultaneous gas phase ozonolystsaof-3-hexene and EVE (initial mixing ratios: 8 ppm ozone, 8 ppm
EVE, 12 ppmtrans-3-hexene): ESI(+)/TOF MS/MS spectrum of the parent ion 351.

take place only in non-prononated solvents, such as pen-
tane, while in methanol, the corresponding hydroperox-

- 120 (CH,:0) _ C;H,,0,Na’ ide, 2-methoxy-2-propyl hydroperoxide, was formed instead
(185) through reaction of the Cl, (CHCOO (so-C3-Cl), with
C,,H,,0,Na* MeOH. These observations of liquid-phase chemistry are in
(305) analogy to the suppression of SOA and oligomer formation
D during gas-phase enol ether ozqnolys_is in the presence of ex-
@ = 5% R %9 a cess HCOOH or B0, as described in our prevu.)us.wo'rk
000 | O, ONa" -45(CH0) _ CH,ONa’ (Sadezky et al., 2006). The mechanistic analogies indicate
> @ (185) that oligoperoxide formation takes place in similar ways in
the liquid phase and in the gas phase, thus also confirming
Culéz;ggw our suggesti_on by Sadezky _et al. (2006) that the §tabi|ized
form of CI might be involved in the gas-phase reaction.
L, CH,ONa C,HONa CH,O,Na* Addition of a CI to the double bond of the initial alkene,
(b) SHSGIO) T Qs) )T (159 HEA0)T (3) leading to formation of an 1,2-dioxolane, represents another

reaction pathway of CI known from liquid-phase alkene

Fig. 11. Simultaneous gas phase ozonolysitrahs-3-hexene and ozonolysis (Bunnelle, 1_99_1)’ in partlc_ular for Vm_yl ethers
EVE: Fragmentations of oligomer parent iorg) Main fragmen-  (Keul et al,, 1985). A similar mechanism as a minor reac-

tation pathways of the parent ion 305 (marked by a red arrow intion pathway of stabilized Cl has been attributed to products
Fig. 9) containing a single chain unit 74b) Main fragmentation  identified in the oleic acid/ozone and methyl oleate/ozone re-

pathways of the parent ion 351 (marked by a green arrow in Fig. 9)action systems (Mochida et al., 2006; Zahardis et al., 2006).
showing co-oligomerization of a chain unit 74 and a chain unit 46. Decomposition of the 1,2-dioxolane then leads to an alde-
hyde derived from the CI and a ketone representing the oxy-
genated initial alkene. For the small unsaturated ethers and
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alkenes studied in our work, these products are expected tstarting group X obviously comprises a molecule of the ini-
be volatile, and consequently, this reaction pathway is notial alkene or enol ether (Fig. 7c).
expected to contribute to SOA formation. The obvious key role of stabilized Cl in SOA and oligomer
As mentioned in Sects. 3.2 and 3.3.1 of the present workformation, in combination with the observed influence of cy-
a comparison of the SOA mass and oligomer chain lengthglohexane as OH radical scavenger on SOA yields, points
obtained from ozonolysis ofrans-3-hexene and EBE on towards a mechanism based on so far unknown Cl-radical
the one hand, and 2,3-dimethyl-2-butene on the other handeactions. We suggest the following formation mechanism
points towards a key role of stabilized CI in the SOA forma- displayed in Figure 8, which involves the repeated reaction
tion as well. The very low stabilization rate of tieo-Cs- of peroxy radicals with stabilized CI as oligomer formation
Cl ((CH3)2COO0), which is less than 1% in the gas phase, process. The reactions starts with the addition of an OH radi-
correlates with much lower SOA mass and lower degrees otal — ubiquitous in any gas-phase alkene ozonolysis reactions
oligomerization from 2,3-dimethyl-2-butene in comparison — to the double bond of the initial alkene or enol ether. The
with those from EBE anttans-3-hexene, which involve the peroxy radical formed by this reaction then adds to a stabi-
isomer G-ClI (CoHsCHOO) with stabilization rates between lized ClI, thus forming a larger peroxy radical, which then
20% and 40% (Kroll et al., 2002; Rickard et al., 1999). adds to another stabilized Cl. The peroxy radical-Cl addi-
However, the influence of excess cyclohexane added asion is repeated until the oligomerization is ended by reaction
OH radical scavenger on SOA mass described in Sect. 3.2f the oligoperoxy radical with H@ Figure 8 exemplarily
indicates also a contribution of radical chemistry to SOA for- shows the formation of the oligomer molecule representing
mation, in addition to the chemistry of stabilized CI. The in- the oligomer parent ion 379 during gas-phase ozonolysis of
crease of SOA mass for the symmetric hydrocarbon alkenegrans-3-hexene. To our knowledge, a similar addition reac-
trans-3-hexene and 2,3-dimethyl-2-butene in the presence ofion of a peroxy radical and a stabilized Cl in the gas phase
excess cyclohexane observed in our present work agrees wittas not yet been described in the literature.
similar tendencies of formed SOA mass fr@rpinene re-
ported by Docherty and Ziemann (2003). Small vinyl ethers3.4 Copolymerization of chain units from different ozonol-
investigated in our previous work (Sadezky et al., 2006) ysis reactions
and cyclohexene studied by Keywood et al. (2004), how-
ever, follow the opposite trend. Keywood et al. (2004) andIn order to investigate the role of the ClI in relation to the
Docherty and Ziemann (2003) explain the influence of cy-role of the initial unsaturated compounds in the formation
clohexane as an OH radical scavenger by a decrease of thH oligomers, simultaneous gas-phase ozonolystsais-3-
ratio [hydroperoxy radicals]/[organic peroxy radicals] in the hexene and EVE was performed in the atmospheric simula-
reaction system, which, according to Keywood et al. (2004),tion chamber. The MS spectrum of the SOA collected during
especially affects the production pathways and chemistry othis experiment is shown in Fig. 9.
acyl radicals considered as key species in the formation of Several of the most intense ion peaks are identified as
low-volatile compounds during cyclohexene afichinene  oligomer ions consisting of Cl-like chain units. These
ozonolysis. However, for the alkenes and enol ethers studion peaks are marked by red and green arrows in Fig. 9.
ied in our present and previous work (Sadezky et al., 2006)0Oligomer ions marked by red arrows are rafz similar to
acyl radicals are not expected to contribute to the formationthose of oligomer (a) ions formed during ozonolysisrahs-
of high-molecular oligomers by any of their reaction path- 3-hexene solely (Fig. 2b and Table 2). According to our re-
ways known so far, as discussed before in this section. sults presented in the Sect. 3.3, these ions might therefore
The observations in the present work and in our previ-comprise only chain units of mass 743(@0>), with n=1
ous study (Sadezky et al., 2006) cannot be explained byand n=2 for the two most intense ions 305 and 379 in Fig. 9.
any classical reaction mechanisms established so far an@ligomer ions marked by green arrows are deduced from
must involve some new chemistry. The analogous strucdions marked by red arrows by addition of multiplesfoim/z
tures and elemental compositions of oligomers originating46. Thus, these ions eventually contain combinations of both
from the different alkenes and enol ethers point towards achain units 74 (gHeO2) and 46 (CHO»). The most intense
common oligomer formation mechanism in the gas phaseions of this type are ofn/z351 (M/z351am/z305+A m/z
The oligomer structure (Fig. 7b) resembles to those identi-46), m/z397 (m/z397=-m/z305+2x A m/z46), andm/z425
fied from liquid-phase ozonolysis by Barton et al. (2004) and(m/z425-m/z379+A m/z46) (Fig. 9). Some ions between
Barton et al. (2005), which are either linear with —-OOH or m/z150 and 300 are identified from MS/MS experiments as
—OH on both oligomer endings or cyclic without any frag- fragment ions of higher parent ions and are listed separately
ments accounting for other than the repeated chain units. Iin Fig. 9.
contrast to the structures described by Barton et al. (2004) MS/MS spectra of the pseudomolecular ions 305 (marked
and Barton et al. (2005), however, the oligomers identified inby a red arrow in Fig. 9) and 351 (marked by a green arrow
our present work do not exclusively consist of Cl-like chain in Fig. 9) are exemplarily given in Fig. 10a and b, and the
units and -OH and -OOH groups as chain endings, as th@bserved main fragmentation pathways of these two parent
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ions are schematically displayed in Figs. 11a and b. The Similar oligomers in SOA formed by gas phase ozonol-
MS/MS spectrum of the parent ion 305 (Figs. 10a and 11a)sis of small unsaturated compounds have been identified
confirms that its structure is indeed similar to those of thefor the first time for a series of small alkyl vinyl ethers
type (a) oligomer ions formed during gas-phase ozonolysis of AVE) and ethyl propenyl ether (EPE) in our previous study
trans-3-hexene solely, which are described in Sect. 3.3 of this(Sadezky et al., 2006). The results of our present work cor-
work. Its fragmentation pathways are identical to those of itsroborate our findings of Sadezky et al. (2006), in particu-

higher homologue 379 observed from ozonolysitrafis-3- lar the essential role of Criegee Intermediates (Cl), initially
hexene solely (Fig. 4a), and show the presence of one chaiformed in the gas-phase, in oligomer and SOA formation:
unit 74 (GHeOy), as expected (Fig. 2b and Table 2). oligomer chain units are shown to systematically have the

The MS/MS spectrum of the parent ion 351 (Figs. 10b andsame chemical composition as the respective main Criegee
11b) reproduces the fragmentation pathways observed for théitermediate (CI) formed by the gas-phase ozonolysis re-
parent ion 305 (Figs. 10a and 11a), butincludes an additiona®ction. Fragmentation spectra (MS/MS) of oligomer pseu-
loss of a neutral of mass 46. This result shows that the pardomolecular ions and the elemental compositions of par-
ent ion 351, and more generally all pseudomolecular ionsent ions, fragment ions and fragmented neutrals determined
marked by green arrows in Fig. 9, correspond to ions ini-by ESI(+)/FTICR allow to derive detailed structures for the
tially formed from ozonolysis ofrans-3-hexene (marked by oligomer molecules. These molecular structures are analo-
red arrows in Fig. 9) that contain additional chain units of gous among all oligomers formed from ozonolysis of differ-

mass 46. ent alkenes and enol ethers, and therefore indicate a common
The formation of such ions signifies that copolymeriza- formation mechanism. .
tion of the two Cl-like chain units 74 (8Os, Cs-Cl from We suggested in our previous study (Sadezky et al., 2006)

trans-3-hexene) and 46 (Gi#0,, C;-Cl from EVE) takes that ClI in their stabilized form undergo oligomerization in
place. The two chain units arise from Cl that are simultane-tN€ gas-phase according to a new, so far unknown reac-
ously present in the reaction system, but are formed indeperion mechanism that leads to the formation of oligoperoxi-
dently during gas-phase ozonolysis toins-3-hexene and dic chains. In our present work, we show that our observa-
EVE. The observed copolymerization of the two chain units filons by Sadezky et al. (2006) are not limited to enol ethers,

under these experimental conditions indicates that oligomePUt analogously apply to a variety of short-chain hydrocar-
formation might be based on reactions of the free Cl itselfbon alkenes. Based on the molecular structures attributed to

after complete dissociation of the primary ozonide. the oligomers in our work, we suggest that their formation
occurs by a new gas-phase reaction mechanism, which has

Copolymerization of Cl-like chain units formed from dif- b d ived in the literat far- th ted ad
ferent alkenes was also observed by Barton et al. (2005) foplOt De€N desCribed In Ihe literature So far. the repeatec ad-
dition of stabilized CI to organic peroxy radicals. For the

the simultaneous ozonolysis of 2,3-dimethyl-2-butene and 3-" . . e ) o .
methyl-2-pentene in the liquid phase. The authors iderm_ollgomers identified in our work, oligomerization might start

fied a variety of oligomeric molecules, which follow similar with a large organic peroxy radical formed through addition

structural principles as those obtained by separate ozonolyc-.)]c an OH radical to the original alkgne or en_ol ether. I_n the
Iltght of these results, we propose oligoperoxide formation as

sis of each alkene (see Sect. 3.3.6.), but contain a mixture o | " th f stabilized Cl in th
the chain units formed by both unsaturated compounds, tha NEW, general reaction pathway of stabilize In the gas

is, acetone carbonyl oxidast-C3-Cl, (CH3)2COOQO) from phslse ¢ e f | it
2,3-dimethyl-2-butene, and butanone carbonyl oxide QG Ooreover, we report an exampie for copolymerization

CsH7CHOO) and acetaldehyde from 3-methyl-2-pentene. of different ClI independently produced during simultane-
ous gas-phase ozonolysis of two different unsaturated com-

pounds, leading to the formation of oligomers with mixed

Cl-like chain units. These observations further point towards
4 Conclusions a direct participation of free Cl in the oligomerization mech-

anism, which is independent of their formation process from
In the present work, we investigate secondary organicthe original unsaturated compound.
aerosol (SOA) formation during gas phase ozonolysis of an The smallest unsaturated organic compound shown to pro-
enol ether, ethyl butenyl ether (EBE), and three symmetricduce SOA during its gas-phase ozonolysis under atmospheric
alkenes,trans-3-hexene trans-4-octene, and 2,3-dimethyl- conditions is methyl vinyl ether (MVE) with three carbon
2-butene. Chemical analysis of the formed SOA is per-atoms (Klotz et al., 2004). Before, it was widely accepted
formed employing the ESI(+)/TOF MS and MS/MS, and the in the literature, that seven or more C atoms are required
accurate ESI(+)/FTICR MS and MS/MS technique. Thesefrom non-cyclic unsaturated hydrocarbons, six for cyclic un-
techniques allow to identify and thoroughly characterize saturated species to initiate SOA formation from ozonol-
oligomeric products in the mass range 200 to 800 u as mairysis (Seinfeld and Pankow, 2003). The classical reaction
constituents of the SOA for all alkenes and the enol ethempathways of gas-phase ozonolysis established for such large
studied. compounds, which lead to low-volatile products identified
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as SOA constituents, however, cannot explain SOA forma-Barton, M., Ebdon, J. R., Foster, A. B., and Rimmer, S.: Ozonoly-
tion from small and structurally simple unsaturated reactants, sis of tetramethylethylene: Characterization of cyclic and open-
such as MVE. chain oligoperoxidic products, J. Org. Chem., 69, 6967—-6973,
While Klotz et al. (2004) could not give any clues about _ 2004- .

the chemical composition and formation mechanism of theBaron, M., _Ebdon, J. R, Foster, A B., andolen_wer,_ S Complete
SOA formed from ozonolysis of methyl vinyl ether (MVE), ozon_oly5|s of a_IkyI sub_sUtuted ethenes at_—GODlstrlbutlons of

) . . ozonide and oligomeric products, Org. Biomol. Chem., 3, 1323—
the oligomeric compounds newly discovered and charac- 1329, 2005.
te”.ZEd in our previous work (Sadezky _et al., 2006) a_s Ije'BunneIIe, W. H.: Preparation, properties, and reactions of carbonyl
action products of gas-phase ozonolysis of several similar oyjges, Chem. Rev., 91, 335-362, 1991.
enol ethers containing five to seven carbon atoms, provide@alvert J. G., Atkinson R., Kerr J. A., Madronich S., Moortgat G.
a sound explanation. By the identification of analogous K., Wallington T. J., and Yarwood G.: The mechanisms of atmo-
oligomeric SOA constituents for the compounds studied in  spheric oxidation of the alkenes, Oxford University Press, 2000.
our present work, we show that formation of such oligomersChen, R., Tseng, A. M., Uhing, M., and Li, L.: Application of an

occurs for a wider range of small oxygenated as well as hy- integrated Matrix-Assisted Laser Desorption/lonization Time-of-
drocarbon alkenes. Flight, Electrospray lonization Mass Spectrometry and Tandem

Mass Spectrometry approach to characterizing complex polyol

The high-molecular oligoperoxides formed by the new mixtures, J. Am. Soc. Mass Spectrom., 12, 55-60, 2001

mechanism in the gas phase might then Initiate nUCIeatlo_nDocherty, K. S. and Ziemann, P. J.: Effects of stabilized Criegee In-
3:2 th\llj\lseI?r?gré?otrgeszzzzr;{[ei:t)rtrrrl]:“rzgoorf[endev(\)ll izc?;fe rpoe:(ritclj_e termediate and OH radical scavengers on aerosol formation from
formation involving the reaction of stabilized Cl and peroxy ;%T?ggffﬂ pinene with @, Aerosol Sci. Technol., 37, 877
radicals represents an alternative way to SOA formation espocherty, K. S., Wu, W., Lim, Y. B., and Ziemann, P. J.: Contri-
pecially for gas-phase ozonolysis of unsaturated compounds butions of organic peroxides to secondary aerosol formed from
with few carbon atoms and simple structures. reactions of monoterpenes withgOEnviron. Sci. Technol., 39,
According to Klotz et al. (2004), new SOA particle for- ~ 4049-4059, 2005,
mation from methyl vinyl ether (MVE) occurs only during Dreyfus, M. A., Tolocka, M. P., Dodds, S. M., Dykins, J., and John-
its gas-phase ozonolysis, but not by its reactions with OH or stpn, M. V.. Cholesterol ozonolysis: Kinetics, mechanism and
NOj3 radicals, the two other major pathways of atmospheric_. oligomer prOdUCt.s’ J. Phys. Chem._A, 109, 6_242_6248’ 2005.
degradation. This observation further supports the key role OF'nlayson’ B. J., Pitts, J. N., and Akimoto, H.. Production of vi-

. . ) ' i "~ brationnally excited OH in chemiluminescent ozone-olefin reac-
the Cl in SOA formation as an intermediate species specific jons chem. Phys. Lett., 12, 495-498, 1972.

to ozonolysis. In the troposphere, stabilized Cl are expectegt zzi, s., Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,
to mainly react with water vapour, a reaction that has been T. c., Boy, M., Doherty, S. J., Guenther, A., Kanakidou, M.,
shown to be in direct concurrence with oligomer and new Kawamura, K., Kerminen, V.-M., Lohmann, U., Russell, L. M.,
SOA particle formation during the ozonolysis of enol ethers and Rschl, U.: Critical assessment of the current state of scien-
(Sadezky et al., 2006; Sadezky, 2005). The relevance of the tific knowledge, terminology, and research needs concerning the
described oligoperoxide formation for SOA formation in the  role of organic aerosols in the atmosphere, climate, and global

atmosphere has therefore to be further investigated. change, Atmos. Chem. Phys., 6, 2017-2038, 2006,
http://www.atmos-chem-phys.net/6/2017/2006/
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