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Abstract. Green leaf volatiles (GLVs) are an important 1 Introduction

group of chemicals released by vegetation which have emis-

sion fluxes that can be significantly increased when plantsAtmospheric aerosols play a central role in climate, air qual-
are damaged or stressed. A series of simulation chamber exty and transboundary air pollution (Kanakidou et al., 2005).
periments has been conducted at the European Photoreactdbwever, there are significant uncertainties in the environ-
in Valencia, Spain, to investigate secondary organic aerosainental impact of aerosols owing to limited knowledge on
(SOA) formation from the atmospheric oxidation of the ma- their sources, composition, properties, and the mechanisms
jor GLVs cis-3-hexenylacetate ands-3-hexen-1-ol. Lig- of their formation (Fuzzi et al.,2006). The oxidation of bio-
uid chromatography-ion trap mass spectrometry was used tgenic compounds in the atmosphere can result in the for-
identify chemical species present in the S@As-3-hexen-  mation of lower volatility species which can form biogenic
1-ol proved to be a more efficient SOA precursor due tosecondary organic aerosol (BSOA), one of the most uncer-
the high reactivity of its first generation oxidation product, tain factors in the global radiation budget (Intergovermental
3-hydroxypropanal, which can hydrate and undergo furtherPanel for Climate Change, 2007). Vegetation can be classi-
reactions with other aldehydes resulting in SOA dominatedfied according to the type of biogenic volatile organic com-
by higher molecular weight oligomers. The lower SOA pounds (BVOC) emitted — typically bulked as either iso-
yields produced frontis-3-hexenylacetate are attributed to prene, monoterpene or oxygenated VOC emitters (Penue-
the acetate functionality, which inhibits oligomer formation las and Llusia, 2001). There is a substantial historical lit-
in the particle phase. Based on observed SOA yields an@rature on BVOC emissions which has focused almost ex-
best estimates of global emissions, these compounds maglusively on isoprene and monoterpenes, driven in part by
be calculated to be a substantial unidentified global sourcease of field observation (Guenther et al., 1995; Ortega and
of SOA, contributing 1-5 TgC yt*, equivalent to around a Helmig, 2008). Calculations of the impacts of BVOCs on
third of that predicted from isoprene. Molecular character-the atmospheric aerosol burden have followed the literature
ization of the SOA, combined with organic mechanistic in- generated by emission studies, resulting in a major focus on
formation, has provided evidence that the formation of or-the SOA-forming potential of isoprene and a small subset
ganic aerosols from GLVs is closely related to the reactivity of monoterpenes (Claeys et al., 2004; Henze and Seinfeld,
of their first generation atmospheric oxidation products, and2006; Hoffmann and Warnke, 2007; Larsen et al., 2001; Lee
indicates that this may be a simple parameter that could bet al., 2006). As analytical techniques have improved how-
used in assessing the aerosol formation potential for otheever, more recent work indicates that sesquiterpenes and re-
unstudied organic compounds in the atmosphere. active oxidised organic compounds may also be emitted in
substantial quantities and act as effective BSOA precursors
(Bonn and Moortgat, 2003; Fuentes et al., 2000; Holzinger et
al., 2005; Kesselmeier and Staudt, 1999; Konig et al., 1995).
Guenther et al. (1995) estimated the global BVOC budget
based on a highly resolved global model and emissions from
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be 1150 TgC yr!, comprising 44% isoprene, 11% monoter- information concerning the installation and its use for VOC
penes, 22.5% other reactive VOC and 22.5% other non-oxidation experiments has been previously reported in the lit-
reactive VOC. Viewed purely in mass emission terms theerature (Becker, 1996; Volkamer et al., 2001; Wenger et al.,
non-isoprene and non-monoterpene reactive biogenic VOQR004). The chambers are hemispheres made of FEP (fluori-
emissions cannot be treated as insignificant. A recent estinated ethylene propylene) foil, with an approximate volume
mate of global SOA production, based on VOC fluxes, indi- of 200 n¥, and are surrounded by a retractable steel housing.
cated that there may be considerable numbers of significanithe ozonolysis reactions were performed using starting con-
SOA precursors that are currently unknown (Goldstein andcentrations of around 1.6 ppmv of reactant and ozone. No
Galbally, 2007). radical scavenger or seed aerosol was used and the relative
One of the most significant groups of BVOC are greenhumidity was around 6%. The decay of the hydrocarbon
leaf volatiles (GLVs), a family of oxygenated hydrocarbons was monitored by FTIR spectroscopy and gas chromatog-
produced from the biochemical conversion of linoleic and raphy and the formation and evolution of SOA was mea-
linolenic acid within plant cells, as shown in Fig. 1. Recent sured using a scanning mobility particle sizer (TSI 3022A
studies have indicated that many plant types emit large quansondensation particle counter and TSI 3081 differential mo-
tities of GLVs (Arey et al., 1991; Konig et al., 1995; Winer bility analyzer). Samples of SOA were collected onto quartz
et al., 1992), wittcis-3-hexenylacetate antis-3-hexen-1-ol filter papers when the particle concentration in the chamber
being the dominant species emitted from wheat, oilseed rapd)ad reached a maximum, approximately 4 h after the start of
grape and birch trees. The emission of GLVs from plants carthe reaction. The samples were collected at 81.2 L thin
be significantly enhanced by mechanical damage of leavegat 25C), for 60 min and stored in a freezer a#°C be-
caused by grass cutting, grazing of animals etc. (Kirstinefore analysis. Filter samples were extracted into high purity
and Galbally, 2004; Olofsson et al., 2003). Local weatherwater, filtered and reduced to 1 ml using a vacuum solvent
conditions can also result in the release of GLVs; high con-evaporator (Biotage, Sweden). Liquid chromatography-ion
centrations of GLVs (up to 5 ppbv) were seen in the Alps trap mass spectrometry was carried out using HCT Plus ion
after a freezing spell, and were attributed to emission fromtrap mass spectrometer (Bruker Daltonics GmbH, Bremen,
damaged cells upon thawing (Karl et al., 2001). The recenitGermany) equipped with an Eclipse OD$s@olumn with
study of Joutsensaari et al. (2005) indicated that these typeSu m particle size (Agilent, 4.6 mm150 mm). Full details
of stress induced emissions from plants can form increasetiave been published previously (Hamilton et al., 2008).
levels of SOA over healthy plants and are likely to be impor-  Experiments to determine the yield of SOA produced from
tant aerosol precursors. Previous studies of the atmospheribe hydroxyl radical initiated oxidation afis-3-hexen-1-ol,
chemistry ofcis-3-hexenylacetate antls-3-hexen-1-ol, in-  cis-3-hexenyl acetate and isoprene were performed using ni-
dicate that they are highly reactive towards hydroxyl radicalstrous acid (HONO, 100 ppbv) as the OH precursor and a
and ozone (Atkinson et al., 1995) and have short tropospheri¥ OC mixing ratio of 500 ppbv. The yield of SOA pro-
lifetimes, of the order of a few hours (Atkinson and Arey, duced in each experiment was calculated from the ratio of
2003; Olofsson et al., 2003). the aerosol mass formed to the amount of hydrocarbon re-
In this study, we have investigated secondary organicacted at the point where the maximum particle concentration
aerosol formation from the ozonolysis and photooxidationwas observed. The aerosol mass was corrected for wall losses
of 2 major GLV compoundsgis-3-hexen-1-ol ancis-3- by applying a first order loss rate obtained from the measured
hexenylacetate, in a series of experiments performed in aadecay of the particles at the end of each experiment. The par-
atmospheric simulation chamber. The chemical compositiorticle mass was calculated from the SMPS measured volume
of the SOA formed from ozonolysis was investigated usingconcentration using a density of 1gcfh A summary of
liquid chromatography coupled to ion-trap mass spectromethe initial reaction conditions and yields of SOA obtained in
try and the structures of oligomeric species identified usingthe photooxidation and ozonolysis experiments is provided
fragmentation patterns. The SOA yields obtained from thein Table 1.
photooxidation otis-3-hexen-1-ol andis-3-hexenylacetate
are compared to those obtained from isoprene and the results
used, in conjunction with estimated emission fluxes, to as-3 Results and discussion
sess the potential importance of GLVs as a global source of
SOA. 3.1 Chemical composition of SOA

Detailed chemical characterisation of the SOA produced
2 Experimental from ozonolysis of the GLVs was performed using

electrospray ionisation-liquid chromatography coupled to
The experiments were carried out in the large atmospheriquadrupole ion trap mass spectrometry (LCIMS This
simulation chamber at the European Photoreactor (EUtechnique has previously been used to identify polar com-
PHORE) facility, situated in Valencia, Spain. Technical pounds and oligomers in SOA formed in a variety of systems
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Fig. 2. Average mass spectrum (in positive ionisation mode)
Fig. 1. The formation pathway of green leaf volatiles from linolenic of the water extract of secondary organic aerosol formed during
acid in plant cells. Reproduced from Beauchamp et al. (2005).  the ozonolysis ofis-3-hexenylacetate ancis-3-hexen-1-ol. All

species are displayed as their [M+tiladducts (e.g. the peak at

113 Da is due to a compound with a molecular mass of 106). The
(Hamilton et al., 2008). In order to improve the sensitivity of features at 312-314 Da in both spectra were also present in blank
the technique and improve structural detail, we introduced dilter samples and are probably due to low-level contaminants in the
low concentration of LiBr to act as a cationisation agent, sochamber.
that all positive ions existed as [M+Li]adducts (Hamilton
et al., 2008). Extracts were directly injected into the MS cis-3-hexenylacetate SOA corresponded to dimer and trimer
without any pre-separation to obtain the mass distributionstructures. We propose that the lack of higher oligomers is
of the organic species present in the SOA. The mass spe@ result of the low reactivity of the acetate group, i.e. no
tra obtained in positive ionisation mode are shown in Fig. 2further growth may occur when a species has an acetate
and exhibit significantly different patterns and distributions functional group at both ends.

of product ions, even though the two precursor molecules are The cis-3-hexen-1-ol SOA (Fig. 2, lower panel) produced
structurally related. a very different molecular mass distribution, with groups of
The mass spectrum ofcis-3-hexenylacetate SOA peaks, 6 to 8 Da wide and separated by 14 or 16 Da, appear-
(Fig. 2, upper panel) was dominated by a small num-ing throughout the range ca. 80-500, with a maximum abun-
ber of compounds separated by 14, 16 and 18Dadance around 280 Da. This type of molecular mass distribu-
corresponding to (CH, (O) and (BHO) respec- tion is similar to that reported for SOA produced from the
tively. The major small molecules identified were 3- photooxidation of 1,3,5-trimethylbenzene (Kalberer et al.,
acetoxypropanal ([M+Lif=123Da), 3-acetoxypropanoic 2004) and indicates that significant amounts of oligomers
acid ([M+Li]™=139Da) and 3-acetoxypropane peroxoic are present. It is estimated that over 90% of the particle
acid ([M+Li]t=155Da). A range of higher molecular mass identified here consists of oligomers including ester
weight species were identified as oligomers containing esteand ether type linkages, produced from the heterogeneous
and ether linkages, produced from chemical reactions in theeaction of oxidation products. Fragmentation of SOA prod-
particle-phase (Hamilton et al., 2008). Collision induced ucts isolated using LC, resulted in a larger range of neutral
fragmentation of the majority of the oligomers resulted in loss fragments rather than the very dominant losses shown
the loss of 60, 116 and 132 Da, corresponding to the losdor cis-3-hexenylacetate above. The most common losses
of the acetate functionality (as acetic acid) and two of thewere 18, 74 and 90 Da, with the last two also commonly
major small molecules, 3-acetoxy propanal (116 Da) andseen as their [M+Li} product ions, 81 and 97 Da. Further
3-acetoxy-propanoic acid (132 Da) as shown in the constanfragmentation indicated these two oligomer fragments cor-
neutral loss chromatograms in Fig. 3. In nearly all casesresponded to 3-hydroxy-propanal (3-HPA) and 3-hydroxy-
the oligomers lost a fragment related to a terminal acetat@ropanoic acid (3-HPAcid). 3-HPA, along with propanal,
group. This indicates that the acetate functionality does nohas previously been identified as a major gas phase product
participate in heterogeneous reactions, effectively blockingfrom cis-3-hexen-1-ol ozonolysis with a formation yield of
further oligomeric growth. The most abundant oligomers in approximately 33% (Aschmann et al., 1997). In the presence
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Table 1. Details of the simulation chamber experiments.

Experiment [@] [HONO]g [HC]g A[HC]® Aerosol Mas8 Aerosol Yield
(ppbv)  (ppbv)  (ppbV)  (ppbv) g m=3) (%)
cis-3-hexenylacetate ozonolysis 1460 1602 1335 800 8.5
cis-3-hexen-1-ol ozonolysis 1600 1580 1404 854 9.6
cis-3-hexenylacetate photooxidation 105 498 489 9.7 0.9
cis-3-hexen-1-ol photooxidation 103 449 434 43.2 3.1
isoprene photooxidation 100 511 511 185 1.2

& Amount of parent hydrocarbon (HC) reacted, corrected for dilution.
b Determined at the time of measured maximum particle volume concentration, corrected for wall loss, assuming a density 1.0 g cm
¢ Calculated from aerosol mags[HC].
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Fig. 3. Constant Neutral Loss Chromatogram of the water extractse8-hexenylacetate SOA. Peaks correspond to compounds that lost a
specified mass as a neutral molecule during fragmentation. Upper: Loss of 60 Da (acetic acid). Middle: Loss of 116 Da (3-acetoxy propanal).
Lower: Loss of 132 Da (3-acetoxy-propanoic acid).

of water, 3-HPA is known to undergo reversible hydration ionisation. Aschmann et al. (1997) also detected a gas phase
and dimerization, similar to that seen with glyoxal (Hast- product that they tentatively identified as the 3-HPA dimer,
ings et al., 2005), to form higher molecular weight species aswvhich is consistent with the results presented here. Hy-
seen in Fig. 4. lons matching the dimer, trimer and tetramemdrated 3-HPA can also react with other aldehydes, in this case
masses ([M+Lif= 155, 229, 303 Da) were found in the propanal, to form a cyclic ether, [M+L{] = 139 Da, shown
spectrum and fragmentation yields 3-HPA and 3-HPAcidin Fig. 4.

product ions. These subsequently were separated chromato- 3-HPAcid can form linear and cyclic polyesters (via self
graphically and are therefore not artefacts of the electrosprayeaction or with other oxidised products), both of which
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Table 2. Oligomers identified in SOA produced from the atmospheric oxidatiariss3-hexen-1-of Tentative identification.

Name in MW .
paper (g moI]) [M+LIT

- -1.3- (0]
2-ethyl-1,3 \} HPA+ 132 139
propanal

dioxan-4-ol

Name Structure

ethoxy) propanoic 134 141

acid

0
2-(2- /\}
hydroxyethyl) HO q HPA 148 155

1,3-dioxan-4-ol . dimer
3-(3-hydroxy Q [ .
propanoyloxy) )}\/\ )J\/\ Hdl?;‘:;d 162 169
propanoic acid o o o
3-(3-(2- Q Q
hydroxyethoxy) )J\/\ )J\/\
propanoyloxy) | o o O/\/OH 206 213

propanoic acid

3-(3-(2-hydroxy 0 o o
oxopropanoyloxy) | 44 o O/\/ OH 220 227

propanoic acid

3-(3-hydroxy-3- Q 2 H
(2-hydroxyethoxy) )J\/\ oH 222 229
propanoyloxy | o o/\/

propanoic acid

OH
3-(2-hydroxy HO/\/ ° o
(0]

1-(2-(4-hydroxy} o
1,3-dioxan-2-yl)- /\/4 ol HPA
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ethoxy)-propane- trimer
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OH
1,3-dihydrox-3-(2- o H oH
hydroxyethoxy) /\)J\ oH
propyl-3-hydroxy | o O/\/ 224 21
propanoate
3-(3-(3-hydroxy [
propanoyloxy) HO \/\”/O }[EA01d 234 241
propanoyloxy H trimer
propanoic acid L o 13
Insufficient detail in MS2 spectra for identificatio =~ HPA 296 303
tetramer
3-(3-(3-(3- r ]
hydroxy
propanoyloxy) HO 0 HPAcid
H 306 313
propanoyloxy) tetramer
propanoyloxy - o
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would also result in the loss of a 81 or 97 Da [M+tifrag- treatments of more complex explicit chemical mechanisms
ment. There is no evidence for the formation of the cyclic (Johnson et al., 2005).
esters (from self reaction), but there are peaks that corre-
spond to the &2, 3, 4 and 5 linear esters ((M+L]= 169, 3.2 GLVs as a global source of SOA
241, 313, 385Da) shown in Fig. 4. High resolution mass
spectrometry would be required to elucidate larger struc-Very little is known about the atmospheric concentrations
tures due to the high number of isobaric ions and inconclu-and global fluxes of the GLVs. An extensive review of pre-
sive fragmentation patterns. However, the major monomewious literature yields very few ambient measurements in re-
units lost during fragmentation of oligomers were 3-HPA, mote environments. In one study, proton transfer reaction
3-HPAcid, malonic acid (104 Da), acrylic acid (72 Da), 1,3- — mass spectrometry (PTR-MS) was used to measure VOC
propanediol (76 Da) and 1,2-ethanediol (62 Da). The com-concentrations above the canopy of the tropical rainforest in
plete list of oligomeric structures identified dis-hexen-1-ol ~ Surinam (Williams et al., 2001). A maximum mixing ra-
SOA is shown in Table 2. tio for cis-3-hexen-1-ol of 732 pptv was determined, which
Thus it appears that the high reactivity of the first gen-was around a third of the maximum value recorded for iso-
eration oxidation product, 3-HPA, may be responsible forprene (1.7 ppbv). Other studies have shown short, high con-
the very high relative proportion of oligomers presenti centration pulses of GLVs under a range of plant stress fac-
3-hexen-1-ol SOA. 3-HPA has a calculated vapour pressurdors. It is clear that the plant processes leading to emis-
of 9.5 Torr at 298 K (Jenkin, 2004) and significant amountssions of GLV compounds are well documented but the at-
would not be detected in SOA if absorptive partitioning was mospheric impacts of these emissions are not, probably due
the sole means of transfer to the particle phase. As a reto the transient nature and variability of stress induced emis-
sult it seems most likely that uptake of 3-HPA is followed by sions. Annual global emissions ofs-3-hexen-1-ol andis-
the particle phase reactions shown in Fig. 4 which result in3-hexenyl acetate are both estimated to be in the region of 10
the formation of products with considerably lower volatility to 50 TgC yr1, which is in the same mass rangefapinene,
that would therefore remain in the particle phase. The su-ethanol and acetone (Wiedinmyer et al., 2004). Isoprene is
per cooled liquid vapour pressures of the 3-HPA dimer andestimated to be in the region of 250750 TgCyr
trimer are calculated to bex2.0~3 Torr and 1.9<10~7 Torr Current bottom up estimates of BSOA production rates,
respectively (Jenkin, 2004). This corresponds to a factor obased on yields obtained in simulation chamber studies are
10° decrease in vapour pressure between the monomer arid the region of 12-70 TgC y** (Kanakidou et al., 2005).
trimer products. Claeys et al. (2004) estimated the SOA mass yield from iso-
The range and complexity of organic emissions to theprene to be 0.4% based on ambient measurements of isoprene
atmosphere is such that it is unrealistic to expect unigueoxidation products, including methyl-tetrols. However, this
simulation chamber experiments to determine SOA vyieldsis based on the identification of a small subset of isoprene
for each individual compound. However the degradationproducts in ambient SOA and recent modelling and chamber
schemes for many organic compounds yield common in-studies indicate this is likely to be an underestimate (Henze
termediates, and the reactivity of such intermediates mayand Seinfeld, 2006; Kroll et al., 2006), predicting around
be assessed from literature — the key intermediate in thiss 3% vyield or 13 TgCyrl. Since such measurements do
work 3-HPA, is predicted as a major oxidation product from not currently exist for the oxidation products of GLV com-
other precursor compounds and its high reactivity has alreadpounds, we carried out a series of simulation chamber exper-
been documented in other fields (Mollenweider and Lacroix,iments to compare the yields of SOA generated from the at-
2004). Furthermore, 3-HPAcid has been proposed as a kegnospheric oxidation of isopreneis-3-hexen-1-ol andis-3-
monomer in oligomers formed by in-cloud processing of hexenyl acetate under identical conditions. Because ozonol-
methylglyoxal, an oxidation product of both biogenic and ysis is only believed to be a minor contributor to SOA for-
aromatic VOCs (Altieri et al., 2008). The experiments pre- mation from isoprene (Kleindienst et al., 2007), this second
sented here were carried out at low relative humidity (6%)set of experiments were performed using hydroxyl radicals
and thus unlikely to be occurring in an aqueous phase. If thgOH) to initiate the oxidation process. The OH-initiated oxi-
3-HPA oligomers are the nucleating species it is likely thatdation of the GLVs is known to produce the same major reac-
the hydration step is a gas phase process. tion products as ozonolysis, i.e. 3-HPA and propanal, (Reisen
An organic mechanistic approach to SOA prediction mayet al., 2003) and the subsequent chemistry related to SOA
therefore be possible with the reactivity of intermediate formation is expected to be similar. The reaction mixtures
oxidation products being incorporated in addition to com- containing the VOC (ca. 500 ppbv) and nitrous acid (HONO,
monly used parameters such as vapour pressure and actit00 ppbv) as OH precursor were exposed to sunlight and the
ity coefficient. By understanding which functional groups formation and evolution of SOA was monitored as shown
(rather than compound-by-compound) either promote orin Fig. 5. The peak in SOA in Fig. 5a and c early in the
block oligomerisation, there is scope to improve SOA for- experiment is due to inaccurate noise removal of large parti-
mation within models which may use simplified or bulked cles in the SMPS and should be ignored.
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The following aerosol mass yields were obtainet3- (@)
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Fig. 5. SOA formation during the photooxidation experiments.

cates that the formation and composition of organic aerosol$?) 'SoPrene (b) cis-3-hexen-1-ol(c) cis-3-hexenylacetate.

from these GLVs is strongly influenced by the reactivity of
their first generation atmospheric oxidation products. Evi-
dence is provided to indicate that 3-hydroxypropanal, the pri-
mary oxidation product ofis-3-hexen-1-ol, can hydrate and

undergo further reactions with other aldehydes resulting inobtained from isoprene. The results are used, in conjunction
SOA dominated by higher molecular weight oligomers. In With estimated emission fluxes, to show that GLVs may be
contrast, there are considerably less higher molecular weigh substantial unidentified global source of SOA, contributing
species present in the SOA produced from ozonolysigsef ~ 1-5 TgCyr?, equivalent to around a third of that predicted
3-hexenylacetate. This is attributed to the acetate functionalfrom isoprene.

ity, which inhibits oligomer formation in the particle phase.

The SOA yields obtained from the photooxidationcis-3-

hexen-1-ol anctis-3-hexenylacetate are compared to those
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