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Abstract. The increasing demand for palm oil for uses in formation of compounds with both low volatility and high
biofuel and food products is leading to rapid expansion ofO: C ratios, where functionalisation rather than fragmenta-
oil palm agriculture. Methyl chavicol (also known as es- tion is mainly observed as a result of the stability of the
tragole and 1-allyl-4-methoxybenzene) is an oxygenated biofing. The SOA species observed can be characterised as
genic volatile organic compound (VOC) that was recently semi-volatile to low-volatility oxygenated organic aerosol
identified as the main floral emission from an oil palm (SVOOA and LVOOA) components and therefore may be
plantation in Malaysian Borneo. The emissions of methylimportant in aerosol formation and growth.

chavicol observed may impact regional atmospheric chem-

istry, but little is known of its ability to form secondary or-

ganic aerosol (SOA). The photo-oxidation of methyl chav-

icol was investigated at the European Photoreactor chaml Introduction

ber as a part of the atmospheric chemistry of methyl chav-

icol (ATMECH) project. Aerosol samples were collected The atmospheric oxidation of volatile organic compounds
using a particle into liquid sampler (PILS) and analysed (VOCs) in the presence of NQesults in the formation of
offline using an extensive range of instruments including; tropospheric ozone and secondary organic aerosol (SOA).
high_performance ||qu|d Chromatography mass SpectromeWhilSt SOA formation is known to have adverse effects on
try (HPLC-ITMS), high-performance liquid chromatogra- climate and human health (Solomon et al., 2007; Bernstein
phy quadrupole time-of-flight mass spectrometry (HPLC- et al., 2004; Davidson et al., 2005; Pdschl, 2005), the VOC
QTOFMS) and Fourier transform ion cyclotron resonanceoXidation pathways leading to SOA formation are poorly
mass spectrometry (FTICR-MS). The SOA yield was deter-understood (Hallquist et al., 2009). It has been estimated
mined as 18 and 29% for an initial VOC mixing ratio of that as many as 810> VOCs have been detected in the

212 and 460 ppbv (parts per billion by volume) respectively; &tmosphere, all of which may undergo atmospheric oxida-
using a VOC :NQ ratio of ~5: 1. In total, 59 SOA com- tion and contribute to SOA formation (Goldstein and Gal-
pounds were observed and the structures of 10 compounda@lly, 2007). Approximately 90 % of all global VOC emis-
have been identified using high-resolution tandem mass spe&/ons are from biogenic sources (Guenther et al., 1995). The
trometry. The addition of hydroxyl and/or nitro-functional MOst abundant biogenic emissions are attributed to isoprene

groups to the aromatic ring appears to be an important mech35—40 %), monoterpenes (11-25 %) and oxygenated VOCs
anistic pathway for aerosol formation. This results in the (reactive other VOCs and other VOCs, 20-30 %) (Guenther

et al., 1995, 2000). The largest source of biogenic VOC
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emissions are from vegetation; including trees (which ac-(CgH1002, yield 23+ 5 %), detected using proton transfer
count for~ 71 % of emissions (Guenther et al., 1995), shrubsreaction mass spectrometry (PTR-MS). Bouvier-Brown et
and crops, with a small emission source from grasslandsl. (2009) identified MW 136 as 4-methoxybenzaldehyde in
and soils (Guenther et al., 1995, 2000; Zimmerman, 1979the aerosol phase at Blodgett Forest (California, US) and
Wiedinmyer et al., 2004). Oxygenated VOCs (OVOCs) havesuggested the identification of pinonaldehyde (MW 150)
received more attention recently due to the advances in in{Holzinger et al., 2005) could be in part attributed to 4-
strumentation to detect and quantify these compounds in thenethoxybenzene acetaldehyde (MW 150) identified in Lee
ambient atmosphere. Despite this, significant uncertaintiegt al. (2006b). In addition, Cahill et al. (2006) tentatively
still remain in our knowledge of the sources, chemical com-identified 4-methoxybenzene acetaldehyde in aerosol sam-
position and atmospheric oxidation mechanisms of OVOCsples collected in the Sierra Nevada mountains. More re-
in particular higher molecular weight species€s) (Singh cently, Gai et al. (2013) identified a further two abundant gas
et al., 2000; Steiner et al., 2008; Taipale et al., 2012; Schadehase products, MW 122 4-methoxytoluene, and MW 166
and Goldstein, 2001; Bouvier-Brown, 2008). 4-methoxybenzeneacteic acid, and identified MW 136 and
Methyl chavicol (GoH120), also known as estragole MW 150 as 4-methoxybenzaldehyde and 4-methoxybenzene
and 1-allyl-4-methoxybenzene, is adCaromatic biogenic acetaldehyde, respectively, in support of the literature. To
OVOC emitted from a variety of pine trees (includipgn- our knowledge, however, the aerosol phase composition
derosa ping shrubs Clausena dunnianatraggly baeckea  and mechanisms of formation from the photo-oxidation of
and common herbdasil, fennel, tarragon(Werker et al.,  methyl chavicol has largely been unexplored.
1994; Simon et al., 1990; Southwell et al., 2003; Mirov, The aim of this study is to characterise the SOA oxida-
1961; Bouvier-Brown et al., 2009; De Vincenzi et al., 2000; tion products formed from the photo-oxidation of methyl
Barazani et al., 2002; Adams, 2007; Holzinger et al., 2005,chavicol and determine their formation mechanisms. Exper-
2010). A recent publication identified significant methyl iments were performed at the European Photoreactor (EU-
chavicol emissions above the canopy of an oil palm plan-PHORE) chamber in Valencia, Spain, as a part of the atmo-
tation in Malaysian Borneo, with a mean midday flux of spheric chemistry of methyl chavicol (ATMECH) project.
0.81 mgm2h~1 and a mean mixing ratio of 3.0 ppbv (max- Aerosol samples were collected using a particle into lig-
imum mixing ratio observed- 7.0 ppbv) (Misztal et al., uid sampler (PILS). SOA composition was investigated us-
2010). Methyl chavicol emissions from oil palm plantations ing an extensive range of instruments, including; high-
were estimated to result in a global emission-d.5 Tgyr! performance liquid chromatography ion trap mass spectrom-
(Misztal et al., 2010). There are currently 43 oil palm produc- etry (HPLC-ITMS), high-performance liquid chromatogra-
ing countries, with the majority of oil palm plantations con- phy quadrupole time-of-flight mass spectrometry (HPLC-
centrated in Indonesia and Malaysia (FAOSTAT, 2012). InQTOFMS) and Fourier transform ion cyclotron resonance
2011, there were approximately 7.7 Mha (million hectares)mass spectrometry (FTICR-MS).
of oil palm plantations in Indonesia (USDA, 2013) and
5.0 Mha in Malaysia (MPOB, 2012). The increasing demand
for palm oil for uses in food products and biofuels is result- 2  Materials and methods
ing in the rapid expansion of oil palm agriculture (Fitzherbert
et al., 2008). Consequently, methyl chavicol emissions are2.1 Chamber simulation experiments
likely to have a considerable effect on regional chemistry in
locations where oil palm plantations are significant. DespiteExperiments were performed at the European Photoreactor
this, there have been few reports in the literature which haven Valencia, Spain. The EUPHORE facility comprises of two
investigated the atmospheric fate of methyl chavicol, includ-200 n? hemispheric reaction chambers made of fluorinated
ing gas-phase degradation, SOA formation, composition anethyl propylene foil, with housings which may be closed
yields. to exclude sunlight. Chamber temperature is near ambient
The gas phase products formed from the oxidation ofand chamber pressure is maintained at approximately 100 Pa
methyl chavicol with hydroxyl radicals-QH), and ozone above ambient. Dry scrubbed air is used within the chamber
(O3) has been investigated by Lee et al. (2006a, b), andand two large fans ensure homogenous mixing. Further tech-
more recently by Bloss et al. (2012), who reported measurenical information regarding the chamber design and installa-
ments of the gas-phase reactivity of methyl chavicol with tion can be found in the literature (Becker, 1996; Klotz et al.,
-OH and @; and by Gai et al. (2013), who in addition in- 1998; Volkamer et al., 2001; Bloss et al., 2005). A series of
vestigated the oxidation of methyl chavicol with NOn the  experiments were performed during May 2012 and the initial
study performed by Lee et al. (2006b) the photo-oxidationmixing ratios, chamber temperatures and relative humidities
of methyl chavicol resulted in significant SOA formation are presented in Table 1.
(yield 40 %) and the formation of two abundant, structurally = The chamber was cleaned before each experiment by
unidentified gas phase compounds, MW (molecular weightflushing with scrubbed dry air overnight. Methyl chavicol
gmol 1) 136 (GHgO,, vield 42+9%) and MW 150  was introduced into the chamber through a heated air stream.

Atmos. Chem. Phys., 14, 534%368 2014 www.atmos-chem-phys.net/14/5349/2014/
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Table 1. The initial experimental mixing ratios, temperature and relative humidity range for the experiments discussed.

Experiment Date Experiment description Initial mixing rétio Experimental randb
MC® NO NO, O3 Temp RH
[ppbv  [ppbv  [ppbv  [ppbVi (K] (%]
MC g 8 May 2012 Chamber background 0 03 0.7 0 294-312 0.7-4.7
MCiow 11 May 2012 Photosmog low concentration 212 38 8 2 298-308 0.9-14.7
MChigh 15 May 2012 Photosmog high concentration 460 92 3 5 297-306 2.1-10.7

2.0n the opening of the chamber covetdrom the opening to the closing of the chamber coVeETIR measurement.

“Classical” photo-oxidation experiments were performed, sampling until after the chamber was closed. After sam-
where no additionalOH source was added into the cham- ple collection, punctured vial caps were replaced and se-
ber. The initial source ofOH in these experiments was from curely sealed with parafilm. All vials were wrapped in foil
the photolysis of HONO, formed from the heterogeneous re-to minimise potential degradation from photolysis and were
action of NG and HO on the chamber walls (cf. Sakamaki stored at-20°C until analysis. Collected PILS samples were
etal., 1983; Pitts et al., 1984; Svensson et al., 1987; Carter etvaporated to dryness using a V10 vacuum solvent evapo-
al., 1981, 1982). An extensive range of monitors were usedator (Biotage, USA) and redissolved in 300 uL of 50:50
to measure chamber temperature (temperature sensor, modakthanol : water (optima LC-MS grade, Fisher, UK), with
PT100), pressure (Barometer, model AIR-DB-VOC), hu- the exception of experiment Mfgh, which was redissolved
midity (Hygrometer Watz, model Walz-TS2), solar intensity in 500 L.

(Jno, Filter Radiometer), ozone (Monitor Labs, model 9810)  The PILS dilutes the sampled aerosol through the transfer
and NQ, (Teledyne API, model N&@ API-T200UP; pho-  of grown particles from the quartz impactor plate into sealed
tolytic converter). PTR-MS (lonikon Analytik) and Fourier vials, condensation of steam and water uptake during parti-
transform infrared (FTIR Nicolet Magna, model 550), cou- cle growth; see Orsini et al. (2003) for further information.
pled to a white-type mirror system with an optical path length The sample dilution amount is usually determined by spik-
of 616 m, were used to monitor methyl chavicol decay anding a known concentration of lithium fluoride into the sam-
product formation. The chamber dilution rate was calculatedple flow. However, no internal standard was used due to the
by measuring the decay of an inert tracer gas, sulfur hexpotential effects on the analytical method (e.g. adduct for-
afluoride (Sk), using FTIR: typical pseudo-first-order rate mation, ion suppression) and SOA composition. PILS sam-
constants of % 10°s~1 were obtained, corresponding to a ples were evaporated to dryness to eliminate the unknown
dilution lifetime of around 14 h. The formation and evolu- sample dilution amount. The resuspension of samples into a
tion of SOA was measured using a scanning mobility parti-smaller volume concentrated the aerosol compounds, almost
cle sizer (TSI Incorporated, model 3080) consisting of a dif- certainly allowing more SOA species to be observed. The re-
ferential mobility analyser (model 3081) and a condensationsuspension of the PILS samples into 50 : 50 methanol : water

particle counter (model 3775). was performed to be more compatible with the HPLC mobile
phase and to increase the electrospray ionisation (ESI) effi-
2.2 Aerosol sampling and sample preparation ciency (cf. Kebarle and Verkerk, 2009). The PILS collection

efficiency has previously been determined where no appre-
A Brechtel Manufacturing Inc. (California, USA) model ciable loss has been found for the particle diameter range
4002 PILS was used for aerosol collection. The PILS inletinvestigated (30 nm—1 pm) (Orsini et al., 2003).
was connected to the chamber outlet using approximately
1.5m of 1/3 (inch) stainless steel tubing. Aerosol samples2.3 HPLC-ITMS
were collected using a PMmpactor, with an average flow
rate of 13 L minL. Acidic, basic and organic gases were re- SOA composition was investigated using an Agilent 1100 se-
moved from the sampled air through the use of denudersties HPLC (Berkshire, UK) coupled to an HTC Plus ion trap
prepared as per the manufacturer’s instructions. The wasmass spectrometer (IT-MS, Bruker Daltonics, Bremen, Ger-
flow rate was set at 240 uL n1it and consisted of optima many). A reversed phase Pinnacle C18 150 r#h6 mm,
LC-MS (liquid chromatography mass spectrometry) grade5 um particle size column (Thames Resteck, UK) was used.
water (Fisher Scientific, UK). The sample flow rate trans- The HPLC mobile phase composition consisted of (A) wa-
ferred the aerosol water mixture (optima LC-MS grade wa-ter (optima LC-MS grade, Fisher, UK) with 0.1% formic
ter) into sealed vials at a flow rate of 200 pL mirfor 30 min acid (Sigma Aldrich, UK) and (B) methanol (optima LC-
per sample. Samples were collected before the addition oMS grade, Fisher, UK). Gradient elution was used, starting
methyl chavicol or NO into the chamber and continued at 90 (A) and 10% (B), movingto 0 (A) and 100 % (B) over

www.atmos-chem-phys.net/14/5349/2014/ Atmos. Chem. Phys., 14, 55858 2014
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60 min, returning to the initial starting conditions at 65 min. and low mass accuracy(® ppm) results in only one poten-
A 5min prerun consisting of the starting mobile phase com-tial molecular formula (Kind and Fiehn, 2006).

position was performed before each sample injection. The

flow rate was set at 0.6 mL mirt with a sample injection 2.5 HPLC-QTOFMS

volume of 60 uL. ESI was used with a dry gas flow rate of

12 L min"1, a dry gas temperature of 3866 and nebuliser A Dionex ultimate 3000 HPLC (Thermo Scientific Inc., UK)
gas pressure of 70psi (oxygen-free nitrogen, OFN, BOCwas coupled with an ultra-high-resolution quadrupole time-
UK). The MS was operated in alternating polarity mode, of-flight mass spectrometer (HPLC-QTOFMS) (maXis 3G,
scanning fromm /z (mass-to-charge ratio) 50 to 600. Tan- Bruker Daltonics, Coventry, UK). The HPLC utilised the

dem MS was achieved through the automated?®Msc- same reverse phase Pinnacle C18 column and mobile phase
tion within the Esquire software (Bruker Daltonics, software composition as described in the HPLC-ITMS analysis. The
version 5.2). gradient elution runtime was shortened, starting at 90 (A)
and 10% (B), moving to 0 (A) and 100 % (B) over 50 min
2.4 FTICR-MS and returning to the initial starting conditions at 55 min. A

5 min prerun was performed before each sample injection us-
A solariX Fourier transform ion cyclotron resonance massing the starting mobile phase composition. The flow rate was
spectrometer with a 9.4 T superconducting magnet (Brukeset to 0.6 mL min! and the column temperature controlled
Daltonics, Coventry, UK) was used and externally calibratedat 20°C. A user-defined autosampler method was created,
using L-arginine (Sigma Aldrich, UK, purity 98 %). Sam- drawing 58 uL of sample into the sample loop, followed by
ples were introduced into the ESI source through direct in-2 pL of a 10 ppm external standard mix and 20 pL of 50: 50
fusion using a Hamilton 50 pL syringe (Hamilton, Switzer- methanol: water (optima LC-MS grade, Fisher, UK). The
land) at a flow rate of 120 uL mitt. Spectra were acquired HPLC-QTOFMS was externally calibrated using an ESI-L
in both positive and negative ionisation modes over a scarow-concentration tuning mix (Agilent Technologies, UK).
range ofm/z 50—-800. The ESI parameters were set to a dryESI was used and the parameters were set to a dry gas flow
gas flow rate of 3.7 Lmin!, dry gas temperature of 22, rate of 10Lmin?, dry gas temperature of 35C and a
and a nebuliser gas pressure of 1.2 bar (nitrogen, BOC, UK)nebuliser pressure of 4 bar (nitrogen, BOC, UK). Tandem
Broadband detection mode was used, with 64 spectra avernass spectra were acquired for a mass range: af50—
ages obtained for each spectrum. lon accumulation in thé00 using the auto MSfunction within the Compass 1.3
ICR (ion cyclotron resonance) cell was set to 0.5s with amicrOTOF-SR3 software, control version 3.0 (Bruker Dal-
source accumulation time of 0.002 s. The collision radio fre-tonics, UK). The three most abundant precursor ions per
quency (RF) and ion cooler time was set to favour lower spectrum were automatically selected by the software and
masses at 1300 Vpp (volts peak-to-peak) and 0.010 s, respesubjected to collision induced dissociation (CID). The colli-
tively. An approximate resolution of 38 000 at/z 400 was  sion energy for CID fragmentation was set at 8.0 eV at a col-
obtained for both ionisation modes. The spectral analysis wafision RF of 800.0 Vpp. The spectral analysis was performed
performed using DataAnalysis 4.0 software (Bruker Dalton-using DataAnalysis 4.0 software (Bruker Daltonics, Bremen,
ics, Bremen, Germany). Monoisotopic elemental formulaeGermany). The molecular formula error and score was auto-
were calculated using the following restrictions: unlimited matically calculated by the DataAnalysis software using the
C, H and O were allowed and up to 3N atoms, O<@G, same methods as described in the FTICR-MS analysis.
H:C> 0.5, DBE (double bond equivalent)20, and in pos-
itive mode, Na and K adducts were also allowed. The accu2.6 Standards and calibrations
racy of the molecular formulae (elemental composition) as-
signment in shown by the error; where the error equals theA 10 ppm external standard (ES) mix was used to monitor
difference between the exact and measured mass for the athie ITMS detector variation over the course of the sample
signed molecular formula. The mass error (also referred taanalysis. The ES mix was also used for the optimisation of
as mass accuracy) is displayed in ppm (parts per million) andhe HPLC-QTOFMS method, internal mass calibration and
is calculated by dividing the mass error by the exact masdo determine the retention time shift of the SOA compounds
for the assigned molecular formula and multiplying by 10 due to the shortening of the gradient elution. The ES mix
The molecular formula score refers to the fit of the theoreti-consisted of five compounds, 4-methoxybenzoic acid (Sigma
cal and measured isotopic distribution and abundance for théldrich, UK, purity 99 %), hexanedioic acid (Sigma Aldrich,
assigned molecular formula, and is displayed in percentagdJK, purity 99 %), cis-pinonic acid (Sigma Aldrich, UK, pu-
The molecular formula score is not calculated for a signal tority 99 %), 2-hydroxyhexanoic acid (Acros Organics, Bel-
noise (§: N) ratio below 5. The combination of a high score gium, purity 95 %) and 2,6-dimethyl-3-nitrophenol (synthe-
and low mass accuracy will result in few potential molecu- sised by University College Cork). These compounds were
lar formula assignments for a compound at a givefr. A selected based on their range of retention times, stability, va-
compound with am /z below 300, with a high score (100 %) riety of functional groups and ionisation efficiency in both

Atmos. Chem. Phys., 14, 534%368 2014 www.atmos-chem-phys.net/14/5349/2014/
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positive and negative ionisation modes. Calibrations were (a)

performed using the HPLC-ITMS for any structurally iden- ~ s0 . ., . . . . . . ., a0
tified SOA compounds where standards were commercially s, | N A W
available. Calibrations ranged in concentration from 0.02to ,,, |
2ppm and consisted of a minimum of five concentrations,
with three replicate measurements.

- 400

F 350

w
@
o

- 300

w
S
S

- 250

- 200

N
o
S

3 Results and discussion

r 150

Aerosol mass [ug m3]

NO, NO, O, concentration [ppbv]
- N
& G
o o

- 100

Three experiments carried out as part of the ATMECH cam- ¢ |
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experiment, where no VOCs or N@vere added to the cham- ® e . o - .
ber and the chamber housing was opened to expose the chan Time [HH:MIM]

ber to light. None of the methyl chavicol SOA compounds —— Methylchavicll — NO —— NO, —— O, —— SOA mass
identified were observed in this experiment. (i) Mg, (b)

a photo-oxidation experiment with high initial mixing ra- 207 | | | | e

tios of methyl chavicol (460 ppbv) and NO (92 ppbv); and
(iif) MC 10w, a photo-oxidation experiment with lower mixing
ratios of methyl chavicol (212 ppbv) and NO (38 ppbv), with
a similar initial VOC:NQ ratio (~5:1) to MGigh. The
VOC : NO ratio represents the lower MC : NQatio of an
agro-industrialised oil palm plantation site in northern Bor-
neo (Hewitt et al., 2009; MacKenzie et al., 2011); where the
boundary layer (500-800 m) NQGconcentration (75th per-
centile) was~ 0.6 ppbv (Hewitt et al., 2009), with a methyl
chavicol abundance of 3 ppbv at midday (MacKenzie et al., 0l = ‘ o,

2011), corresponding to a MC : N@atio of 5. The temporal 08:24 09:36 e [ﬁf‘;w 12:00 13:12
evolution of NG, Oz, methyl chavicol and SOA growth are

shown in Fig. 1 and show similar profiles to previous aro-

matic photo-oxidation experiments, with initiation of aerosol Figure 1. Temporal profiles of methyl chavicol, £ NO, NG,
formation occurring when the photo-chemical system entergind SOA mass for Mfgy, and MGigh from the opening to the
into a relatively “low NO” state (cf. Rickard et al., 2010). The closing of the chamber housingA) MChigh (opening chamber
maximum SOA mass observed, corrected for wall loss and'©using=08:42UTC, closing of chamber housing 12:45UTC),
chamber dilution, was 420 and 126 ug%in MChigh and (B) MCjow (opening chamber housing=08:52UTC, closing of

. . . chamber housing 12:42 UTC). SOA mass is displayed on the sec-
MCiow, respectively. The SOA yield() was calculated using ondaryy axis and corrected for wall loss and chamber dilution.

the equation given in Odum et al. (1996), where the amounty ;e jines display the PILS sample start time. The PILS sample

of aerosol mass forme(_ﬁqvlo, ug T 3) was divided by the  giart time 10:43 UTC in M@, broke during transport.
amount of methyl chavicol reacted IC, pg ni3), assum-

ing spherical aerosol shape with a density of 1.4 g&rThe

SOA yield was determined as 18 and 29 % for experiments

MCiow and MGign, respectively, showing a larger yield at investigated further. In the Mggh experiment, 59 SOA com-
higher initial mixing ratios as seen previously (Song et al., pounds were observed in the PILS samples using HPLC-
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2005; Odum et al., 1996; Pankow, 1994a, b). ITMS. Of these compounds, 56 were observed with matching
retention times and/or fragmentation patterns in the, dyIC
3.1 SOA composition experiment. Three compounds at a MW of 214, 226 and

250 gmot! were not observed in the lower concentration
The PILS samples were analysed using a series of comexperiment, MGgy. In MChigh, the intensities of these com-
plementary analytical techniques. Initially, the HPLC-ITMS pounds in the HPLC-ITMS analysis were observed just
was used to screen the PILS samples for SOA speciesabove the limit of detection (defined a3 : N). The sim-
Any compounds observed in the PILS samples before thélarity of the oxidation products formed, but the lower ini-
introduction of methyl chavicol and NO into the cham- tial mixing ratio in MGow suggests these compounds were
ber in MGygh and MGey were excluded from further not observed in the Mgy experiment due to a decrease
analysis. Compounds which displayed changes in theiin the formation yields at lower initial mixing ratios and/or
chromatographic peak areas (and thus concentration) werdecrease in the gas-particle absorption due to the smaller
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amount of aerosol mass formed (Pankow, 1994a, b; Odunof 5.14% (based on four replicate measurements) plus a
et al., 1996; Kroll and Seinfeld, 2008). In Mh, fragmen-  negligible amount for the PILS collection efficiency (see
tation data was obtained for 56 of the 59 SOA compoundsSect. 2.2). The concentration of 4-methoxybenzoic acid and
using HPLC-ITMS. In many cases it was not possible to (4-methoxyphenyl)acetic acid in Mfgh was determined as
identify the compound structures of the SOA species duel.26+0.08 and 0.43 0.02 pg N3, representing a total per-
to the low mass resolution of the ITMS and lack of com- centage SOA mass of 0.440.03 and 0.14- 0.01 %, respec-
mercially available standards. This resulted in the use of thdively. In MCjqy, the concentration of 4-methoxybenzoic acid
FTICR-MS to aid in the identification of the SOA molecular was determined as 0.230.01 ug n73, corresponding to a
formulae and compound structures. The use of FTICR-MSpercentage SOA mass of 0.28).02%. The HPLC-ITMS
significantly aided in compound identification, providing the intensity of (4-methoxyphenyl)acetic acid in the Mg ex-
molecular formulae for 49 of the 59 SOA compounds with an periment was observed below the limit of quantification
average error of 0.89 ppm for negative ionisation mode anddefined as 5 S: N) and thus the concentration and to-
4.75 ppm for positive ionisation mode. FTICR-M$ould  tal percentage SOA mass for this compound could not be
not be performed due to the lack of prior chromatographicdetermined.
separation and the low concentration of the SOA compounds. The product ions of two deprotonated molecular species
Instead, HPLC-QTOFMSwas used to obtain high-mass- are discussed here as examples to illustrate the methodol-
resolution compound fragmentation data for the SOA com-ogy used to assign SOA compound structures. Compound 1
pounds. The HPLC-QTOFMS identified the molecular for- with a MW of 243 gmot! was assigned the molecular for-
mulae of 55 of the 59 SOA compounds with an average erromula GoH13NOg with 5 DBE. Compound 1 contains the
of 4.13 ppm for negative ionisation mode and 18.34 ppm forsame number of carbon atoms and one more degree of sat-
positive ionisation mode. The use of the HPLC-QTOFMS uration than the original VOC precursor, methyl chavicol
was complementary to the FTICR-MS, allowing the com- (C10H120). In addition, compound 1 was identified in the
parison of two high-mass-resolution data sets to determindirst PILS sample containing SOA (shortest reaction time;
the molecular formulae of the SOA compounds, as showrbetween 41 to 71 min into the experiment) in Mg. The
in Table 2 and Tables S1 and S2 in the Supplement. Theimilarity of the carbon number, degree of saturation, and
use of prior chromatographic separation with the QTOFMSthe identification of this compound during the initial parti-
was advantageous and allowed the molecular formulae of thele growth, would suggest the structure of compound 1 was
10 low concentration SOA compounds not identified usingsimilar to that of the precursor, a substituted methoxyphenyl.
FTICR-MS to be determined. Of the 59 SOA compounds, The product ions ofm/z242 [M—H]~ (compound 1)
the FTICR-MS and the HPLC-QTOFMS were in agreementare summarised in Table 3. Compound 1 was identified
of the molecular formulae for 40 SOA compounds. Only oneas 3-(5-hydroxy-4-methoxy-2-nitrophenyl)propane-1,2-diol
high-resolution mass spectrometric technique provided thaising the observed fragments discussed below and shown
molecular formulae for 14 SOA compounds and for 5 SOAin Fig. 2. The highest intensity fragment ionmayz 224 is
compounds the molecular formulae provided by the HPLC-due to the loss of water @D) occurring through hydrogen
QTOFMS and FTICR-MS were not in agreement. A com- abstraction (Fig. 2a). The base peak loss gDhivould sug-
plete list of the identified SOA species including the molecu- gest the presence of an aliphatic alcohol, most likely termi-
lar formulae identification and associated errors can be foundhal. The loss of HO results in an intermolecular rearrange-
in the Supplement (Tables S1 and S2 in the Supplement). ment of the fragment ion, resulting in the formation of a dou-
A Van Krevelen plot of the 59 SOA compounds is shown ble bond, indicated by the increase in the DBE by 1. The
in Fig. S1 in the Supplement. The average O:C and H:Cfragment ion atn/z 182 has formed as a result of a subse-
ratio was determined as 0.46 and 1.37, respectively. Of theuent loss of @H,O from m/z 224, which is supported by
59 SOA compounds, the structures of 10 have been asthe decrease in the DBE by 1 for the remaining fragment
signed and are shown in Table 2. The structures of (4-on. The fragment ion at:/z 182 results from a total loss
methoxyphenyl)acetic acid and 4-methoxybenzoic acid haveef C,H402, suggesting the presence of a second hydroxyl
been confirmed using the retention time and fragmentatiorgroup on the leaving group, most likely on the adjacent car-
patterns of commercially available standards. All other com-bon to the first alcohol group (Fig. 2b). The fragment ion at
pound structures have been determined from the deprotas:/z 167 has formed as a result of an odd electron cleavage
nated or protonated molecular species fragmentations ob{OE), resulting in the formation of [#HsNO4] ~ and the loss
tained from the HPLC-ITM3 and HPLC-QTOFMS. Cal- of [C3H70,] (Fig. 2c). OE cleavages are unusual in CID and
ibrations were performed for 4-methoxybenzoic acid andare often associated with resonance stabilised ring structures
(4-methoxyphenyl)acetic using the commercially availableand nitrogen-containing functional groups (Fu et al., 2006;
standards. Detector variation during sample analysis was dd-olCapek et al., 2007, 2010; Hayen et al., 2002).
termined for both compounds by measuring the peak area of Assuming the remaining deprotonated radical fragment
4-methoxybenzoic acid in the 10 ppm ES mix. A 6% stan-ion atm/z 167 [C;H5NO4] ~is a substituted methoxyphenyl,
dard deviation is shown and includes a detector variationthe subtraction of the methoxy [OGH and aromatic
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Table 2. Continued.

Compound  I[UPAC name Compound Migh
structure
_<_<<EBOTH_ IR FTICR-MS FTICR-MS HPLC- HPLC-
MF MF error QTOFMS QTOFMS MF
[ppm] MF error[ppm]
5 3-(3-hydroxy-4-methoxyphenyl)propane-1,2-diol OH 198 20.2 GgH1404 0.9 CioH1404 2.4
OH
OH
0
HiC
6 4-methoxybenzoic acid Iom\o 152 30.1 GHgO3 0.3 GgHgO3 -1.4
_O
HsC
7 3-hydroxy-4-methoxybenzoic acid HO ° 168 33.0 G@HgO4 0.7 CgHgO4 0.2
M/OI
:wo\o
8 2-hydroxy-3-(3-hydroxy-4-methoxyphenyl)propanal EN 196 252 GoH1204 1 CioH1204 2.5
OH
OH
0
HyC
9 1-hydroxy-3-(4-methoxyphenyl)propan-2-one Moz 180 276 @ CioH1203 -7.8
(o]
0
HaC
H 196 19.8  GoH120§ 5 CiroH1208 9.4

10 1-hydroxy-3-(3-hydroxy-4-methoxyphenyl)propan-2-one ow

o

* IJUPAC: International Union of Pure and Applied Chemistry.

2 Deprotonated or protonated molecular species not observed in FTICR-MS spectra due to low concentration.
b |dentified agM + Na]t, the Na adduct has been removed from the molecular formula and its molecular weight corrected.
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Table 3. Deprotonated molecular species fragmentation for compound 1, obtained from the use of the HPLAC-anMShe
HPLC-QTOFMS.

MF [M—H]~ DBE Fragment Fragmention DBE LoH3a] Electron Fragment MF  Fragmentation
ion [m/z] MF fragmentation ion MF Score shown
error [%]
(ppm
C10H13NOg 242 5 224 CioH10NOs5 6 18 EE =21 100 Fig. 2a
182 GgHgNOy4 5 (18+42)=60 EE -1 100 Fig. 2b
167 C7H5NOy4 5* (18+57)=75 OE 8.8 100 Fig. 2c
137 C/Hs503 4 105 OE —-19.2 100 Fig. 2¢c

The highest intensity fragment ion is shown in bold. DBE: double bond equivalent. Electron fragmentation, EE: even electron, OE: odd electron. MF: molecular formula.
* DBE was manually calculated as automated DBE calculation is incorrect for radical fragment ions (DBE =5.5-0.5 (for one “hydrogen atom deficiency”) =5), see
Pellegrin (1983) for the calculation of DBE and DBE correction for radical icfisSPBE manually calculated (DBE =5-1 (for two “hydrogen atom deficiencies”) = 4).

o CH,
\ +
O;N
-C,H,0 o
HaC
o
\, on . miz 182
N -H
o; —_—
OH O\
. " .
o - C3H/0 _N C .
H3C/ oF ‘ B NO e} ‘ C\
miz 242 S s
o
- o
H3C H3C/
m/z 167 m/z 137

m/z 224

Figure 2. Proposed deprotonated molecular species fragmentation for compound 1 in negative ionisation mode. Dashed lines indicate the
location of fragmentation.

[CsH2]~ group from the molecular formula would leave al., 2010; Fu et al., 2006; Schmidt et al., 2006; Yinon et al.,
N103 unaccounted for. This suggests either a nitrate groupl997). The rearrangement of bonds from R-NO R-ONO
(R-ONQy), or a hydroxyl (R-OH) and a nitro (R-N{group  results in the loss of NO (Schmidt et al., 2006). Nitro func-
are attached to the ring. The presence of a nitrate groupional groups usually result in the loss of NO and N6 ow-

on the ring is likely to result in the loss of NG r ONOG, ever, the loss of only NO has been observed for some com-
from the fragmentation of the carbon-oxygen or oxygen-pounds containing a nitro functional group and has previ-
nitrogen bond during CID (Zhao and Yinon, 2002; Empek  ously been suggested to be the result of an electron-donating
et al., 2010). Furthermore, the lability of the nitrate group substituent in the para position to the nitro group, enhanc-
often results in spontaneous fragmentation in the softest EShg the loss of NO by resonance stabilisation (Bursey and
conditions, resulting in the fragment ions ON@nd NG McLafferty, 1966; Bursey, 1969).

atm/z63 andm/z 47, respectively (Haapek et al., 2010; The location of phenyl substitutions has proved to be diffi-
Yinon et al., 1997). However, no fragment ionmatz 63 for cult to determine using CID due to the lack of ring fragmen-
ONO, was observed. A peak at/z 137 (intensity 1.33%) tation as a result of resonance stabilisation. In addition, the
was observed and was attributed to7[HgO3] ~, the loss  N-containing compounds that were observed to undergo ring
of NO from the fragment ion ain/z 167 [GH5NO4] ~ fragmentation exhibited complex rearrangements making the
(Fig. 2c). The loss of NO is typical for nitro functional identification of these compound structures a difficult task.
groups in negative ionisation mode using CID (Egek et However, the most likely locations of phenyl substitutions
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Table 4. Deprotonated molecular species fragmentation for compound 5, obtained from the use of the HPLC4TlShe
HPLC-QTOFMS.

MF [M—H]- DBE Fragment Fragment  DBE LogBa] Electron Fragment MF Fragmentation
ion [m/z] ion MF fragmentation  ion MF  Score shown
error [%]
(Ppm
C10H1404 197 4 179 CioH1103 5 18 EE —-19.3 100 Fig.3a
137 GHgO2 4 (18+42)=60 EE —-05 100 Fig.3b
123 C/H702 4 74 EE —-3.4 100 Fig.3c

The highest intensity fragment ion is shown in bold. DBE: double bond equivalent. Electron fragmentation, EE: even electron. MF: molecular formula.

can be identified by considering the formation mechanismsn an EE cleavage and the abstraction of a hydrogen from
of these compounds in the gas phase (Ziemann and Atkinsorhe leaving group to the aromatic ring. Hydrogen abstraction
2012; Calvert et al., 2002). Methyl chavicol has two phenyl from the loss group results in an intermolecular rearrange-
substituents, a methoxy group and an hydrocarbon (HCment and the loss of {EgO,. Therefore, the same HC chain
chain, both of which are ortho, para directing (March, 1992).has been suggested for both compounds 1 and 5. Assum-
The stronger activating group of the two phenyl substituentsjng a methoxyphenyl substructure, the deprotonated product
the methoxy group, will determine the most energetically ion would leave [GH30]~ from product ion [GH7O2] ~ at
favoured and resonance stabilised position of an addition ten/z 123, suggesting a hydroxyl group is attached to the aro-
the ring (March, 1992). The para position to the methoxy matic ring.
group is occupied by the HC chain and therefore the initial
oxidation of a hydroxyl radical to the ring of methyl chavicol 3.2 Mechanism of formation
would be most energetically favoured at the ortho position
to the methoxy group (Ziemann and Atkinson, 2012). TheA proposed mechanism for the formation of compounds 1,
location of the nitro group on the ring is more difficult to 5, 8, 9 and 10 is shown in Fig. 4a and b. The for-
assign. Assuming the hydroxyl radical is already attached tanation of these compounds can be rationalised as the
the ring, the most strongly activating group would now be theproducts of methyl chavicol oxidation by considering
hydroxyl group, which is also ortho, para directing (March, typical gas phase oxidation mechanisms (Ziemann and
1992). The ortho position to the hydroxyl group is more steri- Atkinson, 2012; Calvert et al., 2002). The reaction rate
cally hindered by the adjacent HC chain and hydroxyl group,constants of methyl chavicol withOH and Q have
compared to the para position, which is only sterically hin- previously been determined as 520.78x 1011 and
dered by the HC chain. It is therefore suggested that the nitrd..03+ 0.23x 10~1” cm® molecule 1 s~1, respectively (Gai
group is located in the para position to the hydroxyl group.etal., 2013). The proportion of methyl chavicol reacting with
The suggested location of the nitro and hydroxyl group on-OH and Q during MGgy and MGyigh is shown in Figs. S2
the ring is also supported by the mechanism suggested iand S3 in the Supplement, respectively; where throughout
Bursey (1969) and Bursey and McLafferty (1966), where theboth experiments the reaction of methyl chavicol withH is
loss of only NO is observed for a nitro functional group dur- observed to dominate over the reaction with @he initial
ing CID when an activating group is located in the para posi-oxidation of methyl chavicol will proceed mainly through the
tion to the nitro group. -OH radical addition mechanism (Atkinson, 1997a; Calvert
Compound 5, with a MW of 198 g mot, was assigned et al., 2002; Ziemann and Atkinson, 2012) and can attack the
the molecular formula ©H1404 with 4 DBE. The product ring and/or the HC chainOH radical addition can occur on
ions of m/z197 [M—H]~ (compound 5) are summarised either carbon of the double bond of the HC chain, resulting
in Table 4. Compound 5 was identified as 3-(3-hydroxy-4-in the formation of primary and secondagyhydroxyalky!
methoxyphenyl)propane-1,2-diol from the product ions dis-radicals, with the secondarg-hydroxyalkyl radical path-
cussed here and shown in Fig. 3. Both compounds 1 and %ay being the most favoured (approximately 85 % using the
exhibit similar HC chain fragmentation, with the loss of Peeters et al., 2007QH addition structure—activity relation-
18 Da (HO) and 42 Da (gH20,) (Fig. 3a, b). The prod- ship) (Atkinson, 2000, 1997a; Cvetanovic, 1976). The re-
uct ion [GH702]~ atm/z 123 resulted from an even elec- sulting 8-hydroxyalkyl radicals react predominantly with O
tron (EE) loss of GHgO2, unlike the OE loss of [gH702] to form g-hydroxyperoxy radicals. The high concentration
observed for compound 1 (Fig. 3c). Compound 5 does nobf NO at the beginning of Mgy and MGgy will result
have a nitro group present on the ring and as a result thén the conversion of NO to N®(leading to @ formation)
resonance stabilisation of the aromatic ring is lower than inand the formation of-hydroxyalkoxy radicals as the ma-
compound 1. The decrease in resonance stabilisation resuljer pathway. 8-hydroxyalkoxy radicals can react witho©
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Figure 3. Proposed deprotonated molecular species fragmentation for compound 5 in negative ionisation mode. Dashed lines indicate the
location of fragmentation.

decompose or isomerise. Decomposition and isomerisation As a relatively “low NG state” is entered in Mggh
are expected to be the dominant pathways, with the excepand MGgy the RGQ + RO, or HO, reaction will begin to
tion of the HOCHCH,O- radical (from ethener-OH), for dominate over the competing reaction with NO (Atkinson,
which decomposition and reaction withlp©@an be competi- 1997a; Stockwell et al., 1990). The cross/self reaction of
tive (Atkinson, 1997a, b; Fuchs et al., 2011). B-hydroxyperoxy radicals will proceed mainly through two
For both types of8-hydroxyalkoxy radicals formed, pathways: the radical pathway and non-radical pathway
decomposition followed by rapid reaction with ,O (hydrogen abstraction), with the radical pathway account-
leads to the formation of formaldehyde, HGand (4- ing for approximately 30—80 % of the R@- RO, reaction
methoxyphenyl)acetaldehyde (Atkinson, 1997a; Orlando ei(Atkinson, 1997a; Madronich and Calvert, 1990). The rad-
al., 2003). Isomerisation through a 1,5-H atom shift from theical pathway (major pathway) will result in the formation
aromatic ring to the HC chain is suggested to be of minorof g-hydroxyalkoxy radicals with the loss of OThe 8-
importance due to the resonance stability of the ring. Thehydroxyalkoxy radicals can then undergo oxidation through
reaction with @ (minor pathway) would result in the loss the same mechanisms as discussed above, resulting in a sec-
of HO, and the formation of the observed first generation ondary pathway for the formation of compounds 8, 9 and 10,
compound, 1-hydroxy-3-(4-methoxyphenyl)propan-2-oneFig. 4b (B), (C) and (D), respectively. A third minor path-
(compound 9), Fig. 4a (A). Further oxidation of this com- way to the formation of compounds 8, 9 and 10 can also
pound through the addition of a hydroxyl radical to the occur through the R&+ RO, non radical pathway; where
ring results in the formation of 1-hydroxy-3-(3-hydroxy-4- one peroxy radical abstracts a hydrogen atom from another
methoxyphenyl)propan-2-one (compound 10), Fig. 4a (B).peroxy radical, resulting in the formation of an alcohol and
As discussed in the previous section, the initial hydroxyl carbonyl, respectively, with the loss o, @Madronich and
addition to the ring will occur at the ortho position to the Calvert, 1990; Howard and Ingold, 1968). The hydrogen
methoxy group, the position which is most energetically atom is abstracted from the carbon bonded to the peroxy
favoured and resonance stabilised. Compound 8, 2-hydroxyradical, thus the abstraction of a hydrogen atom from a sec-
3-(3-hydroxy-4-methoxyphenyl)propanal, is also suggestedndary 8-hydroxyperoxy radical will result in the forma-
to be a second-generation compound which has formedion of 1-hydroxy-3-(4-methoxyphenyl)propan-2-one (com-
through the oxidation of the primary-hydroxyalkoxy  pound 9), Fig. 4a (E). The further oxidation of this compound
radicals with Q (the less favoured pathway) and has beenthough the reaction withOH will result in the formation
further oxidised by the addition of a hydroxyl radical to the of 1-hydroxy-3-(3-hydroxy-4-methoxyphenyl)propan-2-one
ring, Fig. 4b (A). (compound 10), Fig. 4a (F). Moreover, the abstraction of a
hydrogen from a primarg-hydroxyperoxy radical followed
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Figure 4. (a) Mechanism of formation for the identified SOA compounds through the secomdhygroxyalkyl radical pathway, com-
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refer to the explanation in the text. Boxes highlight identified SOA compounds.
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Figure 4. (b) Mechanism of formation for the identified SOA compounds through the prigdaydroxyalkyl radical pathway, compounds 1,
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explanation in the text. Boxes highlight identified SOA compounds.
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by the further oxidation of anOH radical to the ring, 3.3 Atmospheric relevance
will result in the formation of 2-hydroxy-3-(3-hydroxy-4-
methoxyphenyl)propanal (compound 8), Fig. 4b (C). The SOA vyields obtained in this study for the photo-
The formation of the diol on the HC chain of compound 1 oxidation of methyl chavicol, in M, (18 %) and MGigh
(3-(5-hydroxy-4-methoxy-2-nitrophenyl)propane-1,2-diol), (29 %) are comparatively lower than the 40% SOA yield
and compound 5 (3-(3-hydroxy-4-methoxyphenyl)propane-reported previously (Lee et al., 2006b), although there are
1,2-diol), could have occurred through two mechanisms;a number of key differences between the two studies. Lee
unimolecular isomerisation of the-hydroxyalkoxy radical €t al. (2006b) used ammonium sulfate seed (compared to
through a 1,5 H-atom shift, or the self/cross R@actions the nucleation-only experiments presented here), which has
of the B-hydroxyperoxy radicals through the non-radical been shown to increase the SOA vyields of aromatic pre-
pathway. The isomerisation pathway would seem unlikelycursors (Kroll et al., 2007; Huang et al., 2013; Lu et al,,
due to the formation of an alkyl radical on the carbon 2009). In addition, the percentage relative humidity (% RH)

where the H atom was abstracted, which could decomposeé/as approximately 5 times greater in the study performed
isomerise, or react with £ with the latter resulting in Dy Lee et al. (2006b). Recent publications have shown that

the formation of a more oxidised product than observed.the SOA mass formed from a substituted aromatic com-

Decomposition would result in the formation of a compound pound (p-xylene) increases with increasing % RH, approx-
with fewer carbon atoms than required, and isomerisationimately by a factor of 2 over a % RH range of 5-75 % (Zhou
would still result in an alkyl radical. The self/cross reactions €t al., 2011; Healy et al., 2009). Nevertheless, it is clear
of B-hydroxyperoxy radicals would appear to be the morethe photo-oxidation of methyl chavicol results in significant
||ke|y pathway, particu|ar|y under low NQconditions. After SOA formation. Recent literature has shown oxygenated bio-
the formation of a diol on the HC chain, the further oxidation genic VOCs containing 10 carbon atoms (including euca-
via hydroxyl radical addition to the ring would result in the lyptol, verbenone, linalool) resulted in an SOA yield be-
formation of the third generation SOA compound, 3-(3- tween 16 to 20 %, with the use of neutral (linuma et al.,
hydroxy-4-methoxyphenyl)propane-1,2-diol (compound 5),2008; Varutbangkul et al., 2006; Lee et al., 2006b) or acidic
Fig. 4a (G) and b (D). Further addition of N@o the ring of ~ (linuma et al., 2008) seed. It is difficult to directly compare
compound 5 through the hydrogen atom abstraction pathwaypOA Yyields from the oxidation of similar VOC precursors
leads to the formation of a fourth-generation SOA compoundin the literature due to the limitations of using chamber-
3-(5-hydroxy-4-methoxy-2-nitrophenyl)propane-1,2-diol derived data (Camredon et al., 2007). However, reported
(compound 1), Fig. 4a (H) and b (E). A hydroxyl radical can SOA yields of methyl chavicol were the highest of all oxy-
abstract a hydrogen atom from the oxygen—hydrogen bond@enated VOCs investigated (SOA yield 26-40 %) (Lee et al.,
of the hydroxyl group on the substituted phenol, resulting2006b; Varutbangkul et al., 2006). Although these experi-
in the formation of a phenoxy radical and the loss ofcH ~ ments are at concentrations higher than the real atmosphere,
(Forstner et al., 1997; Atkinson, 1994, 2000). The phenoxythey suggest that methyl chavicol can act as an important
radical can then react with NOto form a substituted SOA precursor in regions where methyl chavicol emissions
nitrophenol (Atkinson, 1994, 2000; Forstner et al., 1997).  are significant, such as downwind from pine forests and oil
Compounds 2, 3, 4, 6 and 7 contain acid functional groupsPalm plantations.
and less carbon atoms than the original VOC precursor, Aerosolloadings where methyl chavicol emissions are sig-
methyl chavicol. These compounds appear to be later generduficant, such as in northern Borneo, have been found to
tion SOA species and could have formed through a number ofange from 5ugm? (800 m above the oil palm plantation)
potential mechanisms, such as reactions with ozone (O’Nedio 100 ug n72 (in a chimney plume of a near-source oil palm
and Blumstein, 1973; Orzechowska and Paulson, 2005; NeeBrocessing plant) (MacKenzie et al., 2011). The aerosol load-
et al., 1996; Calvert et al., 2000), and/or with hydroxyl rad- ings formed in these experiments are considerably higher
icals (Forstner et al., 1997: Gai et al., 2013), although the(MCiow 126 and MGign 430 ug nT3) than the aerosol load-
detailed reaction mechanisms for the formation of organicings observed in ambient conditions. It is therefore likely
acids from hydroxyl radicals has not been properly estabihat more compounds are observed in the aerosol phase in
lished (Car|t0n et al., 2009) Compounds 4 and 7 appear tthS StUdy than would be at atmospherically relevant condi-
be the further oxidation products of compounds 2 and 6, retions; due to more higher volatility species partitioning into
spectively, through the addition of a hydroxyl radical to the the aerosol phase at higher mass loadings (Pankow, 19943, b;
ring. In addition, compound 3 appears to be the further oxi-Odum et al., 1996). However, the structurally identified com-
dation product of compound 7, through a second addition ofPounds were characterised as semi- to low-volatility oxy-
a hydroxyl radical to the ring. Here we suggest the second adgenated organic aerosol; where at atmospherically relevant
dition of the hydroxy| radical to the ring of Compound 7isin conditions a sizable fraction of these compounds would be
the para position to the hydroxyl group, the most resonance€Xpected to exist in the aerosol phase (cf. Donahue et al.,
stabilised and least sterically hindered position. 2012).

Atmos. Chem. Phys., 14, 534%368 2014 www.atmos-chem-phys.net/14/5349/2014/



K. L. Pereira et al.: Secondary organic aerosol formation and from photo-oxidation of methyl chavicol 5363

09 -~ "~"~" """ T-"T--T---——————— 1
@ compound 1

W compound 2
0.8
@compound 3

A compound 4
0.7
@ compound 5

Region

B compound 6

A compound 7

Acompound 8
05

+NO, A

Ecompound 9

Nucleator

O:Cratio

A compound 10
0.4 -

1
1
1
1
1
1
1
1
1
1
1
1
os S e e DR \

1
1
1
1
1
1
1
1 eMC
1

1

03 -~

0.2 +NO, hv

MC
0.1

ELVOC

LvOC SVOC IVOC
0

1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
log C* ugm3

Figure 5. Oxygen to carbon ratio (O : C) and saturation concentratiorCfogDonahue et al., 2006b) space to show the movement of the
identified SOA compounds to lower volatilities upon oxidation in Mz Related generations of compounds are shown in the same colour.
The change of shape but use of the same colour indicates a change in the SOA compound structure through the re&ziticadidals or
NO,. See legend for SOA compound identification and refer to Table 2. O : C v€i@pace with associated volatilities have been redrawn
from Donahue et al. (2013) and Jimenez et al. (2009).

The SOA compounds identified in this study will be rep- 4-methoxybenzaldhyde, 4-methoxybenzene acetaldehyde
resentative of methyl chavicol oxidation products formed in and (4-methoxyphenyl)acetic acid, respectively, in agree-
polluted environments (high N and downwind of pollu- ment with Lee et al. (2006b), Spada et al. (2008) and
tion sources (low N@, high G3). At the start of the cham- Gai et al. (2013). These compounds are formed as a re-
ber experiments, the high-NO concentrations will be rep-sult of decomposition leading to higher volatility species
resentative of methyl chavicol emissions directly next to aand are therefore not included in Fig. 4a and b. The
high-NO source, such as a processing plant (MacKenzie egjas phase oxidation mechanisms of these compounds
al., 2011). Here, the peroxy radicals (RQvill preferen- can be observed in Gai et al. (2013). In contrast to
tially react with NO, forming alkoxy radicals (RPand NOQ Cahill et al. (2006) and Bouvier-Brown et al. (2009) 4-
(leading to Q formation). As a relatively low-NO environ- methoxybenzaldhyde (MW 136) and 4-methoxybenzene ac-
ment in the chamber is entered (i.e. the majority of NO hasetaldehyde (MW 150) were not identified in the aerosol
been converted to N£), the RQ radicals will increasingly  phase in this study. Compound vapour pressures were cal-
react with RQ or (primarily) HO,, instead of NO. The oxi- culated using the UManSysProp websitgty://ratty.cas.
dation products formed whilst the NO concentration is rela-manchester.ac.uk/informatigsdt 298.15K, using the Nan-
tively low, but the NQ concentration is near maximum, will noolal vapour pressure and boiling point extrapolation
be representative of the methyl chavicol oxidation productsmethod (Nannoolal et al., 2004, 2008) and the saturation
formed in polluted environments, i.e. agro-industrialised oil concentration ¢*, ugnt3) determined (Donahue et al.,
palm plantation sites (MacKenzie et al., 2011). As the cham-2006a). The calculated volatility of these compounds sug-
ber experiment progresses, the Nédncentration decreases, gests they are intermediate VOCs (4-methoxybenzaldehyde,
approaching zero (as the N@ not replenished in the cham- C*=4.96x 1°ugm 2 and 4-methoxybenzene acetalde-
ber) and the @ concentration increases from the photolysis hyde, C* =3.02x 10° ug n3). The use of gas phase scrub-
of NO». This chamber scenario then corresponds to an envibers for organics in the PILS sampler used in this study may
ronment representative of the products formed downwind ofindicate that previous ambient observations are due to posi-
an agro-industrialised oil palm plantation, where there is lesdive artefacts from gas phase absorption to filters.
pollution (low NC) but Os is present. The saturation concentratio?{, pgn3) (Donahue et

Four compounds with a MW of 122, 136, 150 and al., 2006a) and O: C ratio were determined for all the iden-
166 gmoll were observed in the gas phase usingtified compounds and plotted in a O:C vs. l6¢ug 3
PTR-MS and may be attributed to 4-methoxytoluene,volatility basis set space (Donahue et al., 2013; Jimenez et
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al., 2009), as shown in Fig. 5. All of the identified SOA Atkinson, R.: Atmospheric chemistry of VOCs and NGAtmos.
compounds retained the aromatic ring, with O:C ratios Environ., 34, 2063-2101, d4i0.1016/S1352-2310(99)00460-4
between 0.30 to 0.63 and H : C ratios between 1.00 and 1.40. 2000.

The oxidation of methyl chavicol and its early generation Barazani, O., Cohen, Y., Fait, A., Diminshtein, S., Dudai, N., Ravid,
products resulted in the formation of low vapour pressure Emi?éfr\wlss)s/ pEOB32‘;oir;egfr';itn‘ilc-hﬂ:?j;ﬁg\Z'lfrfe\:sgﬁte'oiz
and a high O: C ratio species, due to the lack of ring frag- . ) .
mentation. This resulted in the movement of the SOA com- Israel, Biochem. Syst. Ecol,, 30, 721731, 00i1016/S0305-

d | latiliti d hiah } ios: th 1978(02)00019-42002.
pounds to lower volatilities and higher O:C ratios; thus, Becker, K.: EUPHORE: Final report to the European commission,

functionalisation rather than fragmentation was mainly ob-  contract #EV5V-CT92-0059, Bergische Universitat Wuppertal,
served. The majority of the structurally identified SOA  wuppertal, Germany, 1996.

species underwent oxidation on the aromatic ring, throughBernstein, J. A., Alexis, N., Barnes, C., Bernstein, I. L., Bernstein,

the addition of-OH and/or NQ. The formation of com- J. A., Nel, A., Peden, D., Diaz-Sanchez, D., Tarlo, S. M., and
pound 1 (3-(5-hydroxy-4-methoxy-2-nitrophenyl)propane- Williams, P. B.: Health effects of air pollution, J. Allergy Clin.
1,2-diol) through the addition of a NOgroup on the aro- Immunol., 114, 1116-1123, d&D.1016/}.jaci.2004.08.030

matic ring resulted in the movement of this species to the 2004 . _ _
low-volatility oxygenated organic aerosol region (LVOOA), B'O'\;‘S’ _C.,RWe_tg_ner,,VIV., Bg”;f'?‘ln'n" Q"J‘]_erl‘zk'”l’ M. E., f\A(/j'rtZ’_lK('j'
and just outside the extremely low-volatility oxygenated “artin-Reviejo, M., and Pilling, M. J.: Evaluation of detailed

. - aromatic mechanisms (MCMv3 and MCMv3.1) against envi-
organic aerosol (ELVOOA) nucleator region proposed by

. o . ronmental chamber data, Atmos. Chem. Phys., 5, 623-639,
Donahue et al. (2013). Ring addition appears to be an im- doi:10.5194/acp-5-623-2008005.

portant pathway, resulting in the formation of low-volatility Bloss, W. J., Alam, M. S., Rickard, A. R., Hamilton, J. F., Pereira,
SpeCies with h|gh O:C I‘atiOS, which may also be important K. |__’ Camredon, M., MUﬁOZ, A_, Vézquezy M_’ A|acreu1 P.’ RO-
for other aromatic compounds. Only structures for 8 of the denas, M., and Vera, T.: Atmospheric Chemistry of Methyl Chav-
59 compounds detected could be tentatively identified; how- icol (Estragole), AGU Fall Meeting, Fall meeting 3 to 7 Decem-
ever, 2 structures were confirmed with authentic standards. ber 2012, A33L-0313, San Francisco, 2012.

Further work is required to characterise the SOA formedBouvier-Brown, N. C.: Quantifying reactive biogenic volatile or-
from methyl chavicol oxidation at different mixing ratiosand ~ 9a&nic compounds: Implications for gas-and particle-phase atmo-
with different oxidants (@, NOg), NOy levels, RHs and seed spheric chemistry, ProQuest, University of California, Berkeley,

. CA, 2008.
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