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Abstract. The build-up of oligomeric compounds during  Monoterpenes are believed to be the major contributors
secondary organic aerosol (SOA) formation is subject of atto secondary organic aerosol (SOA) emitted by biogenic
mospheric research since several years. New particle formasources (Lack et al., 2004; Tsigaridis and Kanakidou, 2003),
tion and especially the SOA mass yield might be influencedalthough recently also isoprene received attention in respect
significantly by oligomer formation. However, the chemi- to its potential to form SOA (Claeys et al., 2004). The special
cal nature of observed oligomers and their formation path-scientific interest about the atmospheric chemistry of these
ways are still unclear. In this paper, the structural characnatural alkenes is mainly due to the tremendous amounts
terization of certain dimeric compounds (esters) formed dur-emitted globally from tropical, temperate or boreal forests.
ing the ozonolysis of cyclohexene and cyclohexengihene  However, also indoor air can contain considerable amounts
mixtures are presented. The identification is based on thef terpenes, emitted from furniture, solvents or air fresheners
comparison of the mass spectra and the retention times (LC(Baumann et al., 1999; Hodgson et al., 2002; Sarwar et al.,
of the oligomeric products with synthesized reference com-2004). The gas phase reactions of these alkenes with reac-
pounds. Cyclohexene is used here as a model compound fdive atmospheric species (0zone, OH-radicals zM&tlicals)
terpenes as globally most important SOA precursors, since itead to the formation of products with lower vapour pres-
possesses a simpler structure than the biogenic alkenes amsdres. These low volatile oxidation products then generate
therefore offers the possibility to get access to reference comSOA, either by new particle formation (homogeneous nucle-
pounds for certain of its oxidation products. In addition to ation) or by condensation on pre-existing particles (Bowman
cyclohexene, the formation of esters could also be observedt al., 1997; Finlayson-Pitts and Pitts, 2000; Hoffmann et al.,
in experiments withx-pinene as reactant. 1997; Holmes, 2007; Odum et al., 1996; Seinfeld and Pandis,
1998).

The molecular level characterization of SOA observed in
) the laboratory or in the ambient atmosphere has proven to be
1 Introduction a difficult task. During the last years, several atmospheric
simulation chamber experiments have been conducted, most
Aerosols attract attention in atmospheric research due to theigf them focussed on the estimation of aerosol mass yields
effects on climate and human health. Secondary aerosols from different VOCs. Several groups also concentrated on
that are aerosols formed in the gas phase by chemical rehe chemical characterization of SOA but a significant part
actions of volatile precursors — typically have diameters be-remains unclear. The large number of products even from
tween a few and some hundred nanometres. Therefore, thg single precursor VOC and the wide range of polarities of
atmospheric lifetime of most of these secondary particles igshe products make the analysis on a molecular level diffi-
relatively high (Finlayson-Pitts and Pitts, 2000). In addi- cult. Several classes of products (i.e. alcohols, carbonyls,
tion, they have the ability to be inhaled deep into the humangcids, peroxides, nitrates) have been identified and it could
lungs (Hinds, 1999). be shown in numerous laboratory and field studies that var-
ious organic acids (monoacids, diacids, hydroxy acids etc.)
are major contributors to the particle phase from monoter-
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1999; Koch et al., 2000; Larsen et al., 2001; Warnke et al.,2 Experimental section

2006; Yu et al., 1999). However, recent results showed ev-

idence that not only the introduction of oxygen-containing 2.1 Materials

functional groups into the precursor molecule is responsible i

for the lower vapour pressure of the oxidation products, butP€!ta-valerolactone — (#162710500; ~ 99%),  epsilon-
that also higher molecular weight products (oligomers) canc@Prolactone (#162710500; 99%), gamma-butyrolactone

be formed (Barsanti and Pankow, 2006; Gao et al., 2004{#108130250; 99+%), succinic acid (#219550250; 99+%)
Kalberer et al., 2004; Tolocka et al., 2004). and glutaric acid (#119960250; 99%) were obtained from

Acros Organics, adipic acid (#09582:99,5%), pinic acid
(#S762792; >99%) and cyclohexene (#240990:99%)
from Sigma-Aldrich, sulphuric acid (#84720; 95-97%),

For cycloalkene (terpene) SOA experimental studies pro_HPLC grade solvents (methanol, acetone and acetonitrile)

pose various possible oligomer products, such as peroxifom Carl Roth andx-pinene (#80606299%) from Fluka.

yhemiacetales (Docherty et al., 2005), aIkoxyhydroper-Gases (nitrogen 5.0, synthetic air) were obtained from
oxides (Tobias and Ziemann, 2000), dicarboxylic acid ‘Vestfalen.

dimers (Hoffmann et al., 1998), diacyl peroxides (Ziemann,2 2 Chamber experiments

2002), esters and carboxylic acid anhydrides (Hamilton et™
aI.,20Q6), hemiacgtals anq aceta!s (!inuma etal., 2004). Thigpe ozonolysis of cyclohexene and the monoterpene
broad' list of potential candl'date'sllndlcates the current Underpinene was carried out under dark and dry conditions%
standing of the molecular identities of the higher molecularr_h.) without seed particles in a cylindrical 100L reac-

weight products. The most important consequence of the eXgon chamber made of glass. No OH scavengers were

isting lack of knowledge about the chemical structures of the ,coq The chamber was constantly flushed with a hydrocar-
oligomers is the inability to incorporate oligomer formation },,, containing nitrogen flow (0.5 L/min), dry synthetic air
into atmospheric modelling, since their formation mecha—(z_l L/min) and an ozone-containing air stream (2.6 L/min).
nism remains unknown. Even the use of different mass SPeCTherefore, the reaction chamber can be considered as a
trometric techniques, such as the combination of selectivg.qinuous stirred-tank reactor (CSTR) with a mean resi-
fragmentation using ion trap MS and the determination of thejance time of the reactants of about 19 min. A total con-
elemental composition by high resolution time of flight-MS o tration of 1ppm ozone was adjusted by UV irradiation
still leaves room for speculation (Hamilton et al., 2006). of the ozone-containing air supply using the ozone gen-

erator of an ozone analyzer (Dasibi Environmental Corp,
Model 1008-RS, Glendale California). The same instru-
) ) ] ) » ment was used for monitoring the ozone concentration dur-
~ The aim of this work was the unambiguous identifica- jnq the experiments. The VOCs were added into the cham-
tion of the molecular identity of certain dimer compounds pe by ysing temperature-controlled, nitrogen flushed test
in SOA. For this purpose a Comp|em_enta_ry porr_lblnatlongas sources, which were based on an open tube diffusion
of on-line atmospheric pressure chemical ionization Masgechnique. The resulting hydrocarbon concentration in the
spectrometry (APCI-MY) and off-line liquid chromatog-  champer was about 200 ppb for monoterpene experiments
raphy electrospray ionization mass spectrometry was usednq ahout 1000 ppb for cyclohexene experiments. The parti-
(LC/ESI-MS') for the definitive identification of selected o number concentration in the chamber was measured us-
oligomer products observed from cyclohexene 0zonolysising 5 CPC (condensation particle counter, Porta Count Plus,
The ozonolysis of cyclohexene has been chosen as a simrg| corp., USA). To determine the chemical composition
plified system to investigate the composition and forma- ¢ secondary organic aerosol, two complementary methods
tion of dimeric products generated during ozonolysis. Ever_‘were applied: On-line analysis via an ion-trap mass spec-
though cyclohexene has a lower relevance for atmospherig.ometer with an atmospheric pressure chemical ionization
processes, it is — as a cyclic alkene — an appropriate surrGsqrce (APCI-IT/MS) as well as an off-line investigation
gate for monoterpenes and, more importantly, allows accesgging jiquid chromatography technique coupled with electro-

to specific reference compounds by organic synthesis. There\s-pray ionization source ion-trap mass spectrometer (HPLC-
fore, the identification of certain dimeric products could be ESIHIT/MS?).

carried out by comparing retention time and Ms§pectra of

synthesized reference compounds to the data received from.3  Sample collection and sample preparation
smog-chamber experiments. In the last step of the investiga-

tions presented here, results of cross experiments in respeBarticulate ozonolysis products were collected on 70mm
to dimer formation are discussed, in which cyclohexene isPTFE coated quartz fibre filters (PALLFLEX T60A20, Pall
introduced into an ongoing-pinene-ozone chamber experi- Life Science, USA) with a flow of 4.5L/min and a sam-
ment. pling time of 6h. The total sample volume added up to
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1.6 n?. The collected filter samples were stored &E5For
HPLC ESI-IT/MS investigations half of the filter sample was
extracted two times for about 30 min with 2 mL extraction
agent (methanol/water 1:10 v/v) by sonification. After fil-
tration (Sartorius Minisart SRP4, PTFE-membrane @.Af

CPC

100 L reaction chamber

charcoal denuder
removal of gaseous
compounds

the unified extracts were concentrated under a gentle stean| __ voc \
of nitrogen and heating (6C) to a total volume of 0.2 mL. | | opunarene| |7 [rcrsome]
|
2.4 HPLC-ESI-IT/MS Measurements (LC/NB % + IT/MS ()

The obtained extracts were investigated by HPLC-ESI-
IT/MS" measurements using a HCT-Plus ion trap mass

spectrometer (Bruker-Daltonics GmbH, Bremen, Germany) . _ o
equipped with a HPLC-System (Agilent 1100 series, auto,F'g', 1. Sketch of the modified atmo§pher|c pressure chemlcal ion-
sampler, gradient pump and degasser, Agilent Technologieglittle%wesnc;:rce (APCI) and the analytical setup used for on-line mea-
GmbH, Germany) and a Pursuit XRs 3 C8 150 mr@.0 mm '

column with 3um particle size (Varian, Germany).

The eluents were HPLC grade water (Milli-Q water sys- units defined by the instrument software). The APCI/MS/MS
tem, Millipore, Bedford, USA) with 0.1% formic acid and experiments were recorded at different collision energies and
2% acetonitrile (eluent A) and acetonitrile with 2% water helium was used as the collision gas. To separate the gas
(eluent B). The gradient of the mobile phase, with a flow phase from the generated particle phase a charcoal-filled dif-
of 0.2 mL/min, was chosen as follows: Starting with 0% B, fusion denuder was connected between reaction chamber and
gradient to 100% B in 30 min, isocratic for 5min and gradi- ion source (Fig. 1).
ent to 0% B in 5min. The column was equilibrated at 0%

B for 20 min. The LC System was directly connected to the2.6  Synthesis
electrospray ion source with the following setup: nebulizer ) ) )
pressure 2200 mbar, dry gas flow 10 L/min, dry gas tempera:rhe synthesis of ester standards was carried out in a 250 mL

ture 365C, spray voltage 4500 V. The ion optic of the mass reaction flask. A solution of 0.01 mol carboxylic acid and
spectrometer, operated in the negative ion mode, was optid-01 mol lactone in 30mL acetone was acidified with two
mized for adipic acid (negative ion mod®z145). drops of concentrated sulphuric acid and refluxed for 2 h.

Without any further purification the reaction solution was di-
25 On-line APCI/MS luted by a factor of 1:1000 with a methanol/water — mixture

(2:10 v/v). The diluted solution was characterized by HPLC-

When the investigation of the particle phase is aiming onESI-IT/MS".

the chemical characterization of particle phase products, it is

favo_urat_)le tq apply a s_uitable on-line_ techniqge in addition 103 Results and discussions

off-line filter investigations. The on-line technique used here

allows a direct introduction of the reaction mixture into the 3.1 Cyclohexene ozonolysis

ion source. Possible analytical artefacts, such as incomplete

analyte extraction or reactions during sampling or extractionThe cyclohexene-ozone system has been intensively stud-

can be avoided. Furthermore, on-line measurements providied earlier as a simplified system for the reactions of cyclic

temporally resolved insights in the formation of secondary monoterpenes with endocyclic double bonds and ozone (Gao

organic aerosol (Hoffmann et al., 1998). On the other handet al., 2004; Kalberer et al., 2000). Several monomeric prod-

the on-line technique provides no separation of the analytesicts in the mass range betweeriz 100 andm/z 210 were

before ionisation and detection. Therefore, the results can b&lentified and reasonable suggestions about the underlying

affected by isobaric interferences and an unambiguous iderreaction mechanisms have been published (Ziemann, 2003).

tification of single compounds is very difficult. Figure 2a shows the on-line mass spectra of cyclohexene-
On-line-APCI/MS and -MS/MS analyses were performed ozone reaction products in the particle phase recorded in

using a LCQ ion trap mass spectrometer (Finnigan MAT,the negative ion mode as described above. The use of

USA) with a modified atmospheric pressure chemical ion-APCI(-) will usually result in the formation of [M-Hj-

ization source (Hoffmann et al., 1998) in the negative ionquasimolecular ions, especially for acidic compounds such

mode (Finnigan MAT, USA). The parameters were set to:as organic acids. Thm/zratios up tom/z 145 shown in

2 uA discharge current, 35C vaporizer temperature, 200 Fig. 2a can mostly be explained by simple reaction prod-

capillary temperature-7.8V capillary voltage, 16.4V lens ucts, e.gm/z145 (adipic acid)m/z131 (glutaric acid) and

voltage. The sheath gas flow rate was set to 5 units (arbitraryn/z129 (6-oxohexanoic acid). However, it is obvious from
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Fig. 2. On-Line mass spectra of cyclohexeng/@action(a), a-pinene/Q reaction(b) and cross-experiment efpinene and cyclohexene
with O3 (c).

Fig. 2a that also higher molecular weight compounds arewhich derive from hydrolysis of-caprolactone. This prod-
formed in the reaction of cyclohexene with ozome/Z be- uct could also be found in the chamber samples, how-
tween about 200 and 320). As mentioned above, differenever, just in very low concentrations. In time/z 245 ex-
explanations for potential dimeric structures have been sugtracted ion chromatogram of the filter sample (red line,
gested in similar reaction systems in the past (Docherty eFig. 4a) some additional peaks can be seen but they have
al., 2005; Hoffmann et al., 1998; linuma et al., 2004; Tobiasnot been identified yet. Overall, six esters could be unam-
and Ziemann, 2000; Ziemann, 2002). One of the most recenbiguously identified in the cyclohexene-SOA by the com-
suggestions comes from Hamilton and co-workers, who sugparison of their retention times and fragmentation patterns
gested the formation of esters or carboxylic acid anhydridesvith synthesized reference compounds. The other esters
as high molecular weight products (Hamilton et al., 2006). observed in SOA from cyclohexene ozonolysis were pen-
To verify if esters are formed from cyclohexene ozonoly- tanedioic acid mono(4-carboxypropyl)esten/¢ 218), pen-
sis, the LC/M3 measurements of filter samples from cham- tanedioic acid mono(4-carboxybutyl)esten/¢ 232), hex-
ber experiments were compared with LC/MBeasurements  anedioic acid mono-(3-carboxypropyl)ester/£232) and in
of certain synthesized reference esters. Table 1 shows afiaces hexanedioic acid mono-(5-carboxy-pentyl)estez (
overview of all synthesized ester compounds. 2M&nd ~ 259). Other synthesized esters that could in principle be
MS3-spectra of the reference esters are shown in Fig. 3. Théormed in the cyclohexene-ozone system, such as butane-
comparison is shown in Fig. 4, where the base-peak chrodioic acid mono(5-carboxypentyl)estemfz 232) and 2-
matogram of a filter sample from the cyclohexene ozonol-oxopentanedioic acid mono-(4-carboxybutyl)estefz245),
ysis (black line, Fig. 4a) and the corresponding extractedwvere not found. The synthesized esters are all characterized
ion chromatogram ofn/z 245 from the same sample (red by an additional carboxyl group at the alcohol-moiety, see
line, Fig. 4a) are directly compared with the extracted Fig. 3. The fragmentation patterns are very similar for each
ion chromatogram ofm/z 245 from two synthesized stan- compound. The first fragmentation occurs at the ester group.
dards, hexanedioic acid mono-(4-carboxy-butyl)ester (red,The quasi-molecular ion of the dicarboxylic acid is the most
Fig. 4b) and pentanedioic acid mono-(5-carboxy-pentyl)esteabundant fragment ion. However, also the hydroxyl com-
(green, Fig. 4b). The third (not labelled) peak at 17.0 minponent of the ester is observable in the MS/MS spectra in
(green line, Fig. 4b) is a by-product of the ester synthe-different intensities. The intensity seems to be dependent on
sis, the condensation product of two hydroxyhexanoic acidthe molecular weight of the hydroxyl component or the ra-
molecules (6-hydroxyhexanoic acid 5-carboxy-pentylester) tio of molecular weights of hydroxyl and dicarboxylic acid

Atmos. Chem. Phys., 8, 1428433 2008 www.atmos-chem-phys.net/8/1423/2008/
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Fig. 3. Structures and fragmentation patterns of synthesized ester compounds.

component in the ester molecules. Furthermore, always vis3.2 «-Pinene/cyclohexene cross experiment
ible in the MS/MS-spectra are low intensities of fragments
from losses of water, carbon dioxide and combined losseBased on the knowledge about the ester formation in the cy-
of water and carbon dioxide of the dicarboxylic acid, which clohexene/ozone system, similar experiments were carried
is typical for dicarboxylic acids of different chain length out with the more relevank-pinene/ozone system. Un-
(Grossert et al., 2005). The MSpectrum of then/z131  fortunately, the relative complex structure of thepinene-
fragment ion (Fig. 3d), show a loss of 46 Da/¢85), which  skeleton makes the access to appropriate reference com-
likely corresponds to a loss of formic acid. The loss of 46 Dapounds by organic synthesis extremely difficult. There-
is not expected from the diacid precursor ion but from the hy-fore, an experiment in which cyclohexene was added to
droxycarboxylic acid, which in this case has the same massan ongoingx-pinene ozonolysis experiment was conducted.
Figure 2b shows the on-line APCI-MS spectra of SOA
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1428 L. Miller et al.: Esters as oligomers in secondary organic aerosol

Table 1. Synthesized ester structures and retention times in LC-MS/MS chromatograms.

Monomers Product name Molecular Molecular Compound structure Retention Found in chamber
weight formula time experiment
[Da] [min]
Glutaric acid Pentanedioic acid 218 CgH,404 [ o 14.2 v
y-Butyrolactone ~ mono-(3-carboxy- w on
propyl)ester Ho OW cyclohexene/O,
o
Glutaric acid Pentanedioic acid 232 C1oH1606 o o on 15.4 v
5-Valerolactone ~ Mono-(4-carboxy- M w
butyl)ester o ] ° cyclohexene/O;
Adipic acid Hexanedioic acid 232 C10H1606 i f 15.3 v
y-Butyrolactone ~ mono-(3-carboxy- mMQMOH cyclohexene/O
propyl)ester ° 4 3
Succinic acid Butanedioic acid 232 C1oH1606 e @ / x
e-Caprolactone ~ mono-(5-carboxy- HDJW/\/°NQH
pentyl)ester I
Glutaric acid Pentanedioic acid 246 C,4H1g0¢ i 16.4 v
g-Caprolactone ~ mono-(5-carboxy- M"M"”
pentyl)ester Ho 1 I cyclohexene/O,
Adipic acid Hexanedioic acid 246 Cy4H,g0¢ i 16.2 v
5-Valerolactone ~ mono-(4-carboxy- HOM OV\/WON
butyl)ester I I cyclohexene/Og
2-Oxoglutaric 2-Oxopentanedioic 246 C1oH1407 o / x
acid acid mono-(4- +o. o o
5-Valerolactone ~ carboxy-butyl)ester w
° ° °
Adipic acid Hexanedioic acid 260 C15H3006 i W‘L 17.1 v
o
e-Caprolactone ~ Mono-(5-carboxy- no)w oH
pentyl)ester oos cyclohexene/O,
Pinic acid Pinic acid mono-(4- 286 C14H2,0¢ on 17.8 v
5-Valerolactone ~ carboxy-butyl)ester o H mix-experiment
OMOH
167.2
X107 a) 100 . "
s adipic acid ( On-Line APCI(-)-MS2: m/z 285
90
4 ) 3 Off-Line MS2: m/z 285
gs glutaric acid 801 RT-17.8 min
g
2, / 16.2 o]
1 g
§ 60
o 2
10 1 12 13 14 15 16 17 18 19 Time [min] 2 504 185.1 267.3 2854
@
x10® 16.2 ®) £ 404 157.2
3 16.4 K
2z 30
g2 227.1
£ 207 . 241.1
1 10- a2 257.1
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Fig. 4. HPLC-MS: Base-peak-chromatogram (black) and extracte
ion-chromatogranm/z245 of cyclohexene ozonolysis (re@) and
extracted ion-chromatogram/z 245 of Pentanedioic acid mono-
(5-carboxy-pentyl)ester (green) anafz 245 of Hexanedioic acid
mono-(4-carboxy-butyl)ester (re¢h).

d‘Fig. 5. On-Line M of m/z285 from ozonolysis of cyclohexene
anda-pinene and common peaks (red) from off-line measurement.

As can be seen in the figure most of the monomeric prod-

ucts formed from the ozonolysis of the two individual pre-

cursors can still be observed. In contrast, the dimer re-
formed froma-pinene ozonolysis prior addition of the cy- gion of the mass spectrum changed dramatically. Almost
clohexene. Beside the quasimolecular ions of well knownnone of the dimers from the single compound experiments
products such as pinian/z 185), pinonic (n/z183) or hy-  could be observed. However, two new signals emerged,
droxypinonic acidin/z199), also several signals in the dimer 283 andm/z285. On-line MS/MS-experiments ofi/z 285
region are clearly visiblenf/zvalues between about 280 and pointed to a mixed dimer fromx-pinene and cyclohexene
380). After 100 min cyclohexene was added. The masgsee Fig. 5). Using the knowledge from the previous ex-
spectrum after cyclohexene addition is shown in Fig. 2c.periments, an ester compound was synthesized that should

Atmos. Chem. Phys., 8, 1428433 2008 www.atmos-chem-phys.net/8/1423/2008/
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spectra of the reference compound and the ozonolysis prod-
uct of the cross experiment fit perfectly.

Fig. 6. HPLC-MS: Base-peak-chromatogram (blue) and extracted- Due to the absence of reference compounds the newly
ion-chromatogramm/z 285 of cyclohexenel-pinene ozonolysis  formedm/z283 in the mixed ozonolysis experiment can just
(purple)(a) and extracted ion-chromatogram’z285 of Pinic acid  pe tentatively identified. The product could be an adduct of
mono-(4-carboxy-butyl)estgb). pinic acid and cyclohexene oxide. Figure 7 shows the on-line
APCI(-)-MS? (a) and the off-line ESI(-)-M3(b) spectra, as
well as a possible structure of the formed compound. Both

100 e L., @ MS/MS spectra show the formation of the iam&z185, 167
L8 .y 0 and 141. These fragments could be explained as follows:
v;g » OF"Q m/z 185 is the quasi molecule ion of pinic acid; the other
350 e fragments are formed by dehydratiom/¢ 167) and decar-
g0 T s boxylation fn/z141) of pinic acid.
& zg 265.2
10 B s ‘ 212 2994 ‘ 28 3.3 «-Pinene ozonolysis
0 80 100 120 140 160 180 miz 200 220 240 260 280 300
2000] 167.0 Building up on the information and conclusions from the
1850 2 (b) experiments described above, it was also attempted to as-
2" sigh molecular structures to selected dimer products formed
E1000 during a purea-pinene ozonolysis experiment. Several
500 ] monomeric products observed in this system have already
o , 2 been mentioned above. In the dimer region (see Fig. 2b) the
% 100 1% 200 20 %00 %0 iz most abundant peaks in the on-line APCI-mass spectra were

m/z337,m/z351 andm/z367 as well as a smaller but sig-
Fig. 7. On-Line(a) and off-line(b) MS2of m/z283 from ozonolysis  nificant signal form/z357. The LC/MS measurements of
of cyclohexene and-pinene and possible structure & fragmenta- the appropriate samples show essentially the same masses,
tion pattern of the compound (a). however, with different intensities. Here)/z367 andm/z

357 are the most intensive signals in the higher molecular

mass range (Fig. 8). MS/MS experiments were carried out to
fit to the mass, the fragmentation pattern and the structurédentify certain of these oligomers. Due to the reasons given
of the possible ester precursors formed duringdfginene  above no reference compounds were accessible for an un-
and cyclohexene ozonolysis. The ester was synthesized frolmmbiguous identification. Consequently, the following sug-
pinic acid ands-valerolactone (Table 1). The latter forms 6- gestions are tentative. Based on the knowledge from cyclo-
hydroxypentanoic acid if hydrolyzed. The resulting ester ishexene ozonolysis and the cross-experiment it seems likely
pinic acid mono-(4-carboxy-butyl)ester. Filter samples andthat the producin/z367 again is a carboxylic acid ester, the
the synthesized product were characterized by LC/MS. Theester formed between pinic acid and hydroxypinonic acid.
upper chromatogram in Fig. 6 shows the base-peak chroThe possible structure of this compound and off-line ESI(-)-
matogram of the filter sample (blue line) together with the MS2- and MS-spectra are shown in Fig. 9a—c. Beside the
extracted ion chromatogram af/z285 (purple line). The signal of the dehydration produan(z349), the acid compo-
lower chromatogram shows the extracted ion chromatogranment n/z 185, pinic acid) of the ester is the most abundant
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Fig. 9. LC-ESI-MS2 (a) and -MS spectra(b) of m/z367 from ozonolysis of cyclohexene andpinene and possible structure of the
compound(c).

fragment in the MS/MS spectrum ofi/z367 (Fig. 9a). In  formed from cycloalkene ozonolysis. At first, we observed
general, this fragmentation pattern was also observed for theo significant influence of relative humidity (RH) on the for-
reference esters investigated (see Fig. 3). However, also hymation of esters in our studies. Since water is a product of
droxypinonic acid can be observed as a fragment ion by itdhe condensation reaction one could expect that lower RH
guasimolecular iom/z199. In the same spectrum also cer- should promote ester formation, although for a quantitative
tain fragment ions, formed by the decomposition of pinic anddiscussion of such an influence more information would be
hydroxypinonic acid ions are visible, e.g. dehydratiom’d  needed, e.g. about the concentration of particle phase wa-
167) and decarboxylatiom/z141) of pinic acid and dehy- ter and equilibrium constants. Furthermore, the influence of
dration of hydroxypinonic acidnG/z181). This fragmenta- relative humidity was not studied in detail here. However,
tion pattern is significant for dicarboxylic acids (Grossert et investigations in a RH range between about 1% and 50%
al., 2005) in general. The MSspectra of the daughter ion showed no significant change in the resulting mass spectra
with m/z185 ofm/z367 (Fig. 9b) is practically identical to or product distribution. Obviously, these observations can-
the MS-spectra of pinic acid. The only significant difference not rule out the possibility of condensation reactions lead-
between the MS/MS spectra of the ion withiz367 and the  ing to the ester, they just don't immediately support such a
reference esters (Fig. 3) is the loss of water (18 Da), whichmechanism. Secondly, the ozonolysis of alkenes does not re-
might be explained by the additional carbonyl group in thesult in a high amount of hydroxyl carboxylic acids, which

proposed ester structure. actually represent the alcohol component for all identified
esters. One exception is 10-hydroxypinonic acid in case of
3.4 Possible reaction mechanisms a—pinene (G|aSiUS et a.l., 1999, Yu et a.l., 1999) Another

argument against classical esterification reaction is the tem-

One of the most interesting aspects of the ester formatiorpOral _b_ehav_iour of the concentration_s of fche “_ester educts”,
is the question how these compounds are formed in SoA®-9- pinic acidsrfi/z185) and hydroxypinonic acidr(/z199),

Up to now, the reaction pathways leading to these esters ar@Nd the expected ester produnt/t367) shown in Fig. 10.

still unclear. One possibility would be the formation by the The fact that the product concentratian/¢ 367) increases

classical condensation reaction between an alcohol and agf‘Ster thar;.thelconcentratmn of th; p%tentlal e?'“Cts again
acid (esterification). Although this kind of ester formation 90€S not directly suggest a second order reaction between

was described to be thermodynamically favoured (Barsantfhe acid and t_he alcohpl in the partic_le phase_, although very
and Pankow, 2006), several aspects point against such a co 1St consecutive reactions of the acids forming the ester or
' ' e lower volatility of the high molecular weight compound

densation reaction in the particle phase to explain the este
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Fig. 10. On-line APCI-MS (neg. ion mode) of particulate prod- Fig. 11.On-line APCI-MS (neg. ion mode) of particulate products
ucts from the ozonolysis af-pinene. Ozone is added at 13min. from the ozonolysis o&-pinene and cyclohexene. Cyclohexene is

Intensities of monomeric compounds like pinic aai/£185), hy- ~ added at 100min to the running reaction of ozone afuinene.
droxypinonic acid §1/2199) and pinonic acidn(/z183) rise slower  Intensities of monomeric compounds from cyclohexene ozonolysis
than intensities of dimer compounds lik€z337 andm/z367. like glutaric acid (n/z131) and adipic acidni/z 145) rise slower

than intensities of dimer compounds from the “cross reaction-of
pinene and cyclohexene constituents like ester compauz@85
andm/z283.

could also be made responsible for such behaviour. On the

other hand, results from Joutsensaari et al. (2004) show that

particu|ate Organic acids can undergo auto_protonation Catl.east as fast as the formation of other prOdUCtS during ozonol-
alyzed esterification within the timescale of a tandem-DMA Ysis. Extracted ion chromatograms of ester compounizi
experiment (seconds), although of course the reaction con285 rises even faster than the monomeric products during the
ditions were quite different (saturated alcohol atmosphere)addition of cyclohexene to the runniagpinene ozonolysis.
Beside esterification reactions there exist other potential reAlso the intensity of then/zvalue of dimeric products in the
action pathways for ester formation. Docherty and coworkersozonolysis of pure-pinene rises faster than the intensity of
suggest the decomposition of peroxyhemiacetals as formahonomeric products, such as pinic acid (Fig. 10). Therefore,
tion pathway for esters in the particle phase (Docherty et al.the observed strong nucleation ability of terpenes, especially
2005). Likewise, the decomposition of other potential perox-due to ozonolysis (Bonn and Moortgat, 2002) might also be
ides formed in such reaction systems, such as diacyl peroxconnected to the formation of esters in the gas phase. How-
ides (Ziemann, 2002), can also lead to ester formation (Deever, as already mentioned above this potential influence on
Tar and Weis, 1957; Greene, 1955; Kharasch et al., 1954)particle nucleation is only justified when the accretion re-
Finally, other yet unidentified formation pathways might be actions take place in the gas phase. When these reactions
involved, e.g. the direct ester formation by reactions of re-turn out to take place in the condensed phase, just the growth
active intermediates in the gas or condensed phase. Clearl{ate and the overall mass yield in organic aerosol formation
more work is needed to clarify whether the esters observedvould be affected.

here result from direct formation, from decomposition of un-

Zt]adbfc%rgducts or from heterogeneous reactions of alcoholi Conclusions

The formation the diacyl peroxide is believed to result A series of oxidation products in the higher molecular mass
from the recombination of acyl peroxy radicals in the gas-range from the cyclohexene/ozone reaction could clearly
phase (Ziemann, 2002). Ziemann suggests that these lowbe identified as ester compounds. The identification was
volatility diacyl peroxides therefore might act as a nucleatingbased on the comparison of mass spectra and retention times
agent in the atmosphere and that such products could plawith synthesized reference compounds. Furthermore, ester
a role in new particle formation. Actually, the same would formation was also verified in a cyclohexemgiinene/Q
be true if the formation of the esters identified in this study cross-experiment. Based on the information and conclu-
would also occur via a gas phase mechanism, e.g. based onséons from these experiments also certain dimeric products
similar reaction mechanism. At least the rapid formation of formed from arx-pinene/Q reaction are suggested to be es-
the esters in the reaction system, an observation that was aler compounds. However, the reaction mechanism to the es-
ready mentioned above, indicates the involvement of a veryter formation is not clear, although especially the temporal
fast chemistry. Figure 11 shows that ester formation is atoehaviour of the ester formation indicates that they are not
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formed by classical esterification reaction between alcohol8owman, F. M., Odum, J. R., Seinfeld, J. H., and Pandis, S. N.:
and acids. Mathematical model for gas-particle partitioning of secondary

More simple esters (i.e. methyl-, ethylester) have been organic aerosol, Atmos. Environ., 31, 3921-3931, 1997.
identified earlier in the ozonolysis of terpenes/cycloalkenes C1aéys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashyn-
For example, Gao and coworkers suggested carboxylic acid ska, V., Cafme-yer, J., Guyon, P, Andreae, M. O., Artaxo, P., and
methyl and ethyesters (Ga0 et al, 2004) and Yo and NESTUAL W Foaton ol secontan o oot ot
coworkers formic acid.esters (Yuet _al., 1999). Recently, es'Der')l'ar, D. F. and Weis,pc.: D‘iacyl perc')xide' reactions III,. The be-
ters were also found in SOA from isoprene (Surratt et al., payiour of optically active 3-Phenyl-2-propy! free radical, J. Am.
2006). Chem. Soc., 79, 3045-3049, 1957.

The analytical techniques used in this study also indicateDocherty, K. S., Wu, W., Lim, Y. B., and Ziemann, P. J.: Contri-
that not all compounds in the dimer region of cycloalkene butions of organic peroxides to secondary aerosol formed from
SOA can be explained by the formation of esters. Espe- reactions of monoterpenes withgCEnviron. Sci. Technol., 39,
cially due to the differences in the MS/MS spectra between 4049-4059, 2005.
the identified esters and other oligomers observed in the refinlayson-Pitts, B. J. and Pitts, J. N. J.: Chemistry of the Upper and
action chamber as well as the fact that several compoundg Lower AtmOSph;re' Academic Press, San Diego, 959 pﬁ’(’*lzooo'
with the samem/zratio are formed simultaneously makes it agéhsréinfeéw OFc;aé;\f]"RN% Nénla"szﬁrfr;té’ j.,HYaII;L:)tW?r:?)I:C’UI\g;-
Lk:\/l\yet/heart {ar:zocﬁ;hniircglarfzfusrgg? It?:;srg: gzgglﬁ]céfj;enfgtrgggl weight and oligom_eric components in secondary c_)rganic aerosol
o v U0 ; h h ] from the ozonolysis of cycloalkenes and alpha-pinene, J. Phys.
tified yet. Since for the incorporation of accretion reactions chem. A, 108, 10 147—10 164, 2004.
into atmospheric models the chemical mechanisms have tglasjus, M., Duane, M., and Larsen, B. R.: Determination
be understood, obviously the subject requires further investi- of polar terpene oxidation products in aerosols by liquid
gations. Furthermore, although the results presented here are chromatography-ion trap mass spectrometry, J. Chromatogr. A,
relevant to understand the results of reaction chamber exper- 833, 121-135, 1999.
iments, also additional investigations need to be performed3lasius, M., Lahaniati, M., Calogirou, A., Di Bella, D., Jensen, N.
to evaluate the importance of these reactions under ambient R- Hiorth, J., Kotzias, D., and Larsen, B. R.: Carboxylic acids

conditions, e.g. by field measurements of appropriate dimeric in secondar_y aeros_ols from oxidation of cyclic monoterpenes by
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