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Abstract. This paper presents the results of mass spectrosphere is attributed to secondary organic aerosol (SOA) (de
metric investigations of the OH-initiated oxidative aging of Gouw et al., 2005). SOA is formed via the gas phase oxida-
a-pinene SOA under simulated tropospheric conditions attion of volatile organic compounds (VOCs) by atmospheric
the large aerosol chamber facility AIDA, Karlsruhe Insti- oxidants such as ozone, OH-radicals, andsN@adicals. The
tute of Technology. In particular, the OH-initiated oxidation oxidation results in the formation of semi- and low-volatile
of pure pinic and pinonic acid, two well-known oxidation compounds, which may condense on existing particles or un-
products ofa-pinene, was investigated. Two complemen- dergo new particle formation (nucleation) (Kroll and Sein-
tary analytical techniques were used, on-line atmospherideld, 2008). A vast number of different organic species is
pressure chemical ionization/mass spectrometry (APCI/MS)nvolved in the formation and evolution of SOA, which is
and filter sampling followed by liquid chromatography/mass driven by gas-phase, particle-phase and heterogeneous chem-
spectrometry (LC/ESI-MS). The results show that 3-methyl-istry. Therefore, SOA can be described as a highly dynamic
1,2,3-butanetricarboxylic acid (MBTCA), a very low volatile multiphase chemical system (Hallquist et al., 2009; Jimenez
a-pinene SOA product and a tracer compound for terpeneet al., 2009; Kiendler-Scharr et al., 2009; Kroll and Seinfeld,
SOA, is formed from the oxidation of pinonic acid and that 2008; Robinson et al., 2007). Despite some progress in the
this oxidation takes place in the gas phase. This findingunderstanding of OA chemistry and SOA chemistry in par-
is confirmed by temperature-dependent aging experimentsicular, there is still a knowledge gap preventing an accurate
on whole SOA formed fromx-pinene, in which the yield description of SOA yields, SOA evolution and its climatic
of MBTCA scales with the pinonic acid fraction in the gas impact. One poorly understood aspect is atmospheric aging.
phase. Based on the results, several feasible gas-phase raiging is the chemical evolution of SOA in the atmosphere
ical mechanisms are discussed to explain the formation obn timescales of aerosol lifetimes (5-12 days) (Molina et al.,
MBTCA from OH-initiated pinonic acid oxidation. 2004; Robinson et al., 2007; Rudich et al., 2007). Oxidation
by atmospheric reactants alters the chemical composition of
SOA compounds, which can in turn affect physicochemical
properties such as volatility, hygroscopicity or CCN activ-
1 Introduction ity (George et al., 2009; Rudich et al., 2007; Shilling et al.,
2007).
Atmospheric organic aerosol (OA) has major impacts on cli-
mate, air quality and human health (Kanakidou et al., 2005;
Nel, 2005). A major fraction of the OA load in the atmo-
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Recent studies describe SOA formation and evolution in gy
a two-dimensional framework of compound volatility versus =
oxidation state (Donahue et al., 2009; Jimenez et al., 2009).
Within this framework three types of chemical processing are
discussed: fragmentation, functionalization, and oligomer-
ization. Fragmentation will ultimately lead to the degrada-
tion of a compound to smaller, more volatile products (e.qg.
COy); functionalization, however, will basically introduce
more oxygen containing groups and lead to the formation
of less volatile oxygenated organic aerosol (OOA) (e.g. or- (@)
ganic acids, peroxides) (Reinnig et al., 2009; Szmigielski et
al., 2007). Fragmentation typically also involves addition of
0Xygen containing groups: volatile species can be eliminate
from a larger molecule, while the volatility of the remain-

ing part is decreasing by fl_thher fu_nctionaliz_ation reactiopsthe dominant products and oxidation pathways, and to eluci-
(Kroll et al., 2009). The third possible reaction pathway iS a1 these in detail. In addition, the identification of individ-

the fﬁrmatu?n Ofl ollgomelrs, which means the ccl)_mb|nat_|on_ofua| compounds at different steps in the reaction chain bears
smaller molecules to a larger one. In these oligomerizationy, g qtential to identify tracer compounds to understand ori-
reactions less volatile compounds (esters, lactones, etc.) wi

: ! ¢ I " Kal I in and chemical fate of organic aerosols in field measure-
almost always be formed (Gao et al.,, 2010; Kalberer et a “ments. For this purpose the oxidation of single SOA com-
2004; Miller et al., 2008, 2009; Yasmeen et al., 2010).

; . ’* _pounds have to be investigated under controlled atmospheric
In the past two decades it was shown in a multiplicity . itions

of studies that organic acids are major products of ozonol-
ysis and OHe-initiated reactions of terpenes (Hatakeyama el

al., 1991; Hatakeyama et al., 1989; Hoffmann et al., 1997’tropospheric conditions at the large aerosol chamber facil-

1998, 2002; Warnke et al., 2006; Yu et al., 1999). Recenti -
X S ) o : ty AIDA, Karlsruhe Institute of Technology (Saathoff et
studies by Szmigielski et al. (2007) identified the highly ox- al., 2003). In particular, the OH-initiated oxidation of pure

idi.z(;adl\;lréc_?gzoxgli_c acid 3—methéll—1,2,3-b:JtanetricarboxyIic pinic (Fig. 1a) and pinonic acid (Fig. 1b) aerosol was in-
acid ( ) being a new and most relevant tracer Com'vestigated to get a detailed insight into the aging chem-

pound for atmospheric terpene SOA. This tracer was first deistry on a molecular level. The formation of 3-methyl-1,2,3-

tected in aerosol samples from Amazonia and Belgium (Ku'butanetricarboxylic acid (MBTCA) was chosen as a single
batova et ?"-* 2002; Kubatova et a_l., 2000)2 Vefy recently nodel process for SOA aging and was investigated under
th? pqtentlal use of 1,2,3-butanetricarboxylic aC|d.as S,OAcontroIIed experimental conditions. By using the experimen-
OXIdatIOI’! tracer was also demonstrated for long time fleldt&1I results presented here, Zhang et al. (2010) could explain
observations conducted by Zhang et al. (2010). the appearance and temporal behavior of MBTCA concentra-

Be5|de§ the question of the chem|cql nature a”‘? volatilityy;o g i the troposphere during long time SOA observations.
of the aging products, a central question is in which phase

the processing takes place. Heterogeneous OH chemistry

and photochemistry in the particle phase have been suggested Experimental

as important processes (George et al., 2007; Walser et al.,

2007). However, the gas-phase oxidation of semi-volatile2.1 The AIDA aerosol and cloud chamber

compounds might also contribute to the aging of SOA com-

pounds. Oxidation of semi-volatile compounds (SVOCSs) in The AIDA aerosol and cloud chamber at Karlsruhe Insti-
the gas phase has already been discussed in case of the dgte of Technology (Saathoff et al., 2003) was used to in-
ing of primary organic aerosol (POA) and the formation of vestigate the oxidation of pinic and pinonic acid aerosol by
oxygenated aerosol (OOA) (Donahue et al., 2006; Kroll etOH radicals at a pressure of (16b3) hPa, a temperature of
al., 2007; Miracolo et al., 2010; Rudich et al., 2007). How- (283.1£0.1) K, and a relative humidity of (362) %. The
ever, not much is known about oxidative aging on a molecu-AIDA chamber is made of aluminum. It has a total volume
lar level, e.g. for biogenic SOA. Due to the large number of of 84.5 ¥, an upright cylindrical shape with a total surface
semi-volatile organic compounds existing in SOA, it is most area of 103 rf, and a cross sectional area of 12.% fefore
likely that gas-phase chemistry is at least of some importanceach experiment the AIDA chamber was evacuated to typi-
(Shrivastava et al., 2006). Certainly, it is not useful or evencally 1 Pa total pressure, flushed two times with 10 hPa of
possible to identify every oxidation pathway of each single synthetic air and filled to atmospheric pressurd @00 hPa)
SOA compound; however, for a process-level understandingvith humidified synthetic air (low hydrocarbon grade, Basi).
of the evolution of SOA it is certainly valuable to identify Pinic acid and pinonic acid aerosol was added to the chamber

OHOH

COOH COOH

Fig. 1. Structure of(a) pinic acid (M, 186 da),(b) pinonic acid
éMw 184 da) andc) MBTCA (M, 204 da).

The aim of this work was the investigation of the OH-
itiated oxidative aging of-pinene SOA under simulated
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by nebulizing aqueous solutions using a home built nebu-Proton Transfer Reaction Mass Spectrometer (PTR-MS, lon-
lizer similar to a commercial system (TSI, Model 3079). The icon). The PTR-MS was sampling from the AIDA chamber
aqueous solutions dispersed had concentrations of 0.2wt %ia a stainless steel tube (4 mm inner diameter) through a
for pinic and 0.49 wt % for pinonic acid (98 %, Aldrich). Teflon filter (PTFE, 0.2 um pore size, Satorius) in the ther-
In addition to the pure acid experiments, some SOA ag-mostated housing, which could also be bypassed. The filter
ing experiments were performed with an excess concentraremoved aerosol particles from the sample flow to avoid pos-
tion of ozone and step-wise addition of the organic reac-sible evaporation of aerosol particles in the inlet of the PTR-
tant. SOA particles were generated by reacting (19)-( MS. The PTR-MS measurements were taken with a time res-
a-pinene (99 %, Aldrich) with ozone in the dark. In most olution of 5min.
experiments ozone was first filled into the chamber to mea-
sure the level of background particle formation before the2.3 On-line APCI-MS
terpene was added. The background particles were formed
typically 15-20 min after the addition of ozone in varying The APCI/MS on-line technique used here (Hoffmann et al.,
number concentrations but with negligible mass concentra1998, 2002) allows a direct introduction of the reaction mix-
tions. Ozone was generated by a silent discharge generatdure into the ion source of the mass spectrometer. Possible
(Semozon 030.2, Sorbios) in mixing ratios of about 3% in analytical artefacts of filter-based methods, such as incom-
pure oxygen (99.998 %) and added to the chamber either diplete analyte extraction or reactions during sampling or ex-
rectly or more typically after dilution to about 1% in a 11 traction can thus be avoided. Furthermore, on-line measure-
glass bulb which was flushed into the chamber with a flow of ments can provide temporally resolved insights in the forma-
5 SLM synthetic air. Defined amounts of the terpenes wereion of secondary organic aerosol. On the other hand the on-
added by evaporating 1-4 hPainto 1 and 2| glass bulbs, dilutline technique provides no separation of the analytes before
ing them with synthetic air, and flushing the contents into theionisation and detection. Therefore, the results can be af-
chamber with 10 SLM synthetic air for 3min. A mixing fan fected by isobaric interferences and an unambiguous identi-
in the chamber was running during all experiments provid-fication of single compounds is often difficult. Consequently,
ing typical mixing time of less than 3min. Particle size dis- both methods were applied to the same set of experiments.
tributions were measured with differential mobility analysers  On-line-APCI/MS and -MS/MS analyses were performed
(SMPS, TSI, 3071) and particle number concentrations werausing a LCQ ion trap mass spectrometer (Finnigan MAT,
determined with condensation particle counters (CPC, TSIUSA) with a modified atmospheric pressure chemical ioniza-
3022A, 3776). Particle mass concentrations were calculatetion source in the negative ion mode (Finnigan MAT, USA).
by integration of the measured size distributions (SMPS) andr'he instrument was connected to the simulation chamber by
using a SOA particle density of 1.25 g/érfSaathoff et al.,  an electropolished stainless steel tube of 6 mm inner diam-
2009). For crystalline pinic acid the density has been detereter. To remove the gas phase from the generated particle
mined to 1.21-1.23 gcn¥. For cis pinonic acid the density phase a charcoal-filled diffusion denuder was usually con-

is 1.22-1.23 g cm3(Krc, 1953; Vanderhoff et al., 1986) nected between the AIDA chamber and ion source, but the
denuder could also be bypassed. The APCI parameters were
2.2 OH-source set to: 2pA discharge current, 350 vaporizer tempera-

ture, 200C capillary temperature;-7.8 V capillary voltage,
OH radicals were generated in the AIDA chamber by con-16.4V lens voltage. The sheath gas flow rate was set to 5
tinuously adding 30 SCCM of 1000 ppm tetramethylethy- units (arbitrary units defined by the instrument software).
lene (TME) in pure nitrogen to the chamberZ1ppb/h)  The APCI/MS/MS experiments were recorded at different
filled with ozone levels between 400 and 700 ppb. Reac-collision energies and helium was used as collision gas.
tion between ozone and TME leads to almost quantitative
formation of one OH radical and one acetone molecule peR.4 Sample collection preparation and quantitative
molecule TME reacted. Resulting OH radical concentra- HPLC-ESI/MS measurements
tions can be calculated by analysing the observed concen-
tration profiles for ozone, 3-pentanol, pinonaldehyde andParticulate ozonolysis products were collected on 70 mm
acetone using the master chemical mechanism (MCM 3.1PTFE coated quartz fiber filters (PALLFLEX T60A20, Pall
http://mcm.leeds.ac.uk/MCM/home.htdenkin et al., 2003; Life Science, USA) with a flow of 10.0L mint and a sam-
Saunders et al., 2003). Ozone was measured with an ozoraing time of 1 hour. The total sample volume was 0% m
monitor (O3-41M, Environment) connected to the chamberThe filter samples collected were stored-&0°C until anal-
via a Teflon tube. Water concentrations were measured wittysis. For HPLC ESI-IT/MS investigations the filter sam-
a frost point mirror hygrometer (373LX, MBW) and in situ ples were extracted two times for about 30min with 2mL
by absorption spectroscopy using a tuneable diode laser axtraction agent (methanol/water 1:10v/v) by sonification.
1370 nm. The concentrations of trace gasesdiqfgnene, 3-  After filtration (Sartorius Minisart SRP4, PTFE-membrane
pentanol, pinonaldehyde and acetone were measured with @45 um) the unified extracts were concentrated under a
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gentle stream of nitrogen and heating{6Quntil a total vol- ' — . 1,2x10°
ume of 0.2mL remained. The filter extracts were analysed 16 %j / pinonic acid
via HPLC-ESI-IT/MS' using an HCT-Plus ion trap mass ] el /B —BToA | 1000°
spectrometer (Bruker-Daltonics GmbH, Bremen, Germany) % ® mass cone.
equipped with a HPLC-System (Agilent 1100 series, auto ¢ ™7 ;‘3 4 s.ox10*
sampler, gradient pump and degasser, Agilent Technologiesgw_' % g
GmbH, Germany) and a Pursuit XRs 3 C8 150 m2n0 mm 5 » % 77/ - eox0*
column with 3 pm particle size (Varian, Germany).The elu- £ &1 "q. g ”%. . -
ents were HPLC grade water (Milli-Q water system, Milli- % 6 * .f. *\b’..' - 40x10* £
pore, Bedford, USA) with 0.1% formic acid and 2% ace- § s it 2
tonitrile (eluent A) and acetonitrile with 2% water (elu- = *7 P
ent B). The gradient of the mobile phase, with a flow of ;] \
0.2mL mirm 1, was chosen as follows: Starting with 0% B, ] 1°°

0 T T T

gradient to 100 % B in 30min, isocratic for 5min and gra- o % o o o5 e o o8
dient to 0% B in 5min. The column was equilibrated at Experiment Time / h
0% B for 20min. The LC system was directly connected - o
to the electrospray ion source with the following setup: neb-Fig. 2. APCI(-) mass traces of pinic acie:(z 185 green), pinonic
uliser pressure 2200 mbar, dry gas flow 10L rﬁindry gas acid (n/z 183 red), MBTCA (n/z 203 blue), particle mass con-
temperature 365, spray voltage 4500 V. The ion optic of centration measured by SMPS (filled dots); The hatched area marks
the mass s ectro,meter operated in thé neaative ion modéhe addition of pinic acid and pinonic acid, the borders marked with

S SP ter, op L 9 atrows (+TME) is the time of OH-production.
was optimized for adipic acid (negative ion mode m/z 145).
The analytes were quantified using an external calibration

method. For that purpose five MBTCA (MBTCA stan- ] 7/ '
dard compound was provided by Magda Claeys University .. | ;’ f//, |
of Antwerp, Belgium) standard solutions in acetonitrile of ;ﬁ ffj
0 (<0.001)ugmL?! (blank); 0.28 pgmt?; 1.4 pgmi; 7 %
1.75ugml=t; 7 ugmL—1 were used. 3 g %

§ w0l | 1 ]
2.5 Results and discussion 3 i A
The results of the on-line APCI/MS investigations of the par- % Z %
ticle phase for the hydroxyl radical oxidation of pure pinic & 901 :’; ;,:, —  miz213
and pinonic acid aerosol are summarized in Figs. 2 and 2 % —mjz215
3. The on-line APCI-MS system is an appropriate method é ‘ % _mZ gg?
to observe changes in the chemical composition of organic od ' . / E |
compounds in the particle phase. It has a high time resolu- o1 o0 01 02 03 04 05 06 O 08
tion and due to its soft ionization provides species resolved Experiment Time /h

information. For acidic compounds such as organic acids

the use of APCK-) usually results in the formation of [M-  Fig. 3. APCI(-) mass traces ofi/z 199 (red),m/z 213 (black),
H]~-ions. Figure 2 shows the APGH/MS mass traces of /2 215 (blue);m/z 229 (yellow);m/z 231 (pink), the hatched
pinic acid ¢z/z 185, green line), pinonic acia(/z 183, red area marks the addition of pinic acid and pinonic acid, the time
line) and MBTCA 'hz/z 203 bI’ue line) Additionallyy the period marked with arrows (+TME) is the time of hydroxyl radical
temporal development of particle mass concentration deter‘:’ldd't'on'

mined from measured size distributions (SMSP) is plotted in

the graph as black dots. The hatched areas mark the periodsg  \yg| joss in the simulation chamber and gas phase
while pinic acid (00:00-00:20 h) and cis-pinonic acid aerosol concentration of pinonic acid

(03:15-03:40 h, 04:40-05:20 h) were added to the chamber.

The two areas indicated by arrows (addition of TME) Show ap, jnteresting feature shown in Fig. 2 is temporal behavior of

the period while OH-radicals were produced. the mass traces of pinonic and pinic acid, which differ signif-
icantly from each other. As expected, the mass tratel185
increased in coincidence with particle mass concentration
(Fig. 2, black dots) during the addition of pinic acid aerosol
to the chamber. Both signals start to decrease simultane-
ously after the addition of the pinic acid was stopped. When
pinonic acid aerosol was added to the chamber (03:15-03:40)

Atmos. Chem. Phys., 12, 1483496 2012 www.atmos-chem-phys.net/12/1483/2012/
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Table 1. Values for pinonic acid concentration calculations.

Input values SIMPOL (300K) SIMPOL (283K) Bilde & Pandis (2001) 283K

input rate pinonic ac®l  3.3x10 2pgnm3s-1
gas phase wall lofs ~ 2.0-4.0<10 4571

C* (pinic acid) 1x 10! pg m3 1x10tugm—3 1 pgni3 0.3ugn3
C* (pinonic acid) K103 pg 3 1x103 pg 3 2x10% pg m—3 5.2 g nt3d
C* (MBTCA) 1x10 3 pugm3 1x102pgm23  5x10 4pgm3

organic mass loadifyg 16 ug n3

2 determined from particle mass concentrafid@aathoff et al. (2009 measured initial particle mass concentraffofx 10~5 Pa estimated for 296 K, Bilde and Pandis (2001)

the mass trace:/z 183 showed a similar but even more (C* of 10~3ugnm 2 for MBTCA), the connection between
pronounced effect. Although pinonic acid was added as argas/particle-partitioning and wall loss by uptake of gaseous
aerosol, almost no increase in the particle mass concentrascompounds can be further stressed. The gas phase fraction
tion (Fig. 6, black dots) could be observed and the mass tracef MBTCA calculates to about 0.002%. As expected, no
m/z 183 rapidly disappeared after the pinonic acid aerosolsignificant decrease in the APCI(-)/MS mass trace 203
addition was stopped. These observations can be easily urfFig. 2) can be observed (06:15 h experiment time).

derstood if one considers the aluminum walls of the AIDA It is worthwhile to estimate the gas-phase concentration
vessel to act as an efficient sink for certain gaseous organigf pinonic and pinic acid during the experiments. In con-
compounds, i.e. organic acids, by irreversible uptake onrast to the period when pinic acid aerosol was added, when
the walls of the chamber. In previous studies the first-orderihe gas-phase concentration of pinic acid can be assessed
loss rate has been observed in a range of 2.0<#00*s™>  from the measured aerosol mass anddfievalue, this pro-
(Saathoff et al., 2009). Simulations based on the aerosol becedure is more difficult for the periods when only pinonic
haviour code COSIMA (Naumann, 2003) show that underacid aerosol was added, due to the lack of a measurable
such conditions the wall loss of certain condensable materiaparticle phase. However, a simple calculation based on the
from the gas phase dominates over particle loss processesstimated input rate of pinonic acid into the chamber of
(Saathoff et al., 2009). 3.3x102 pgm3s1and the estimated wall loss from the

For a further discussion it is useful to estimate the gas-9as phase (see above) allows an estimation of the pinonic
phase fraction of pinic and pinonic acids under the exper-aCid gas-phase concentration. Based on these calculations a
imental conditions (see Table 1 for values and constants)Maximum gas-phase concentration of about 40 g was
This can be done by using the accepted models of gas/particiestimated (well below saturation).
partitioning (Donahue et al., 2006; Hoffmann et al., 1997;

Odum et al., 1996) and assuming a mass equivalent satur&.7 OH-initiated aging of pinic and pinonic acid

tion concentration* at 300 K) for pinic acid of 1dug m3

and for pinonic acid of 1¥ug m3 as well as an organic mass As already discussed, the major fraction of pinonic acid
load of 16 ugm?3, consistent with the SIMPOL structure- is present in the gas phase at 283K and consequently the
activity relation (Pankow and Asher, 2008). The resulting addition of pinonic acid aerosol into the chamber in the
calculated gas-phase fractions of pinic and pinonic acid atbsence of OH-radicals (Fig. 2, 03:15-03:40 h experiment
283K is about 14 % for pinic acid and 98 % for pinonic time) did not lead to a significant increase in particle mass
acid. This estimation shows why especially pinonic acid par-concentration. In contrast, when pinonic acid was added
ticles rapidly evaporate shortly after being introduced intoin the presence of OH-radicals (Fig. 2, 04:40-05:20h ex-
the chamber. This conclusion is consistent with the miss-periment time) the particle mass concentration increased by
ing increase of particle mass concentration. The only signif-about 3 pg m3. Obviously pinonic acid is oxidized by OH-
icant increase of APCI(-)/MS signal intensity/z 183 was  radicals, which leads to the formation of lower-volatility re-
observed during active addition of pinonic acid aerosol; theaction products. At the same time, the APCI/MS showed an
signal vanished immediately after addition ceased. This efincrease in the mass traee/z 203 (the deprotonated ((M-
fect may be attributed to a small fraction of particle phaseH)~) of MBTCA) (see Fig. 2). Also the extracts of the fil-
pinonic acid reaching the inlet of the APCI/MS) before  ters taken during that time and analyzed by LC/MS showed
evaporation and/or mixing with the full AIDA volume. Due the presence of MBTCA, which could be verified by the use
to a smaller gas phase fraction of pinic acid, wall lossesof an authentic standard compound (comparison of retention
of the substance are less pronounced. Finally, if we contime and mass spectrum). Therefore, MBTCA could be un-
sider MBTCA as least volatile compound in the system ambiguously identified as an oxidation product during the
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OH-radical initiated processing of pinonic acid. Along with - T T T
the generation of MBTCA, a simultaneous increase in signal 2 o 1@
intensity of the mass traces @f/z 199,m/z 213,m/z 215;
m/z 229 andm/z 231 was observed (Fig. 3). These signals
are likely to originate from side products of the MBTCA
generation process. An identification of these products by© deo
LC/MS analysis was not possible, essentially due to the lackS i
of authentic standard compounds. A more detailed discus-$
sion about the potential nature of these compounds can beg
found in Sect. 3.3. g
Pure pinic acid aerosol was also exposed to OH radicals®
(Fig. 2, 02:00-03:00 h experiment time). The mass trace of o
pinic acid ¢n/z 185) showed a slightly steeper downward  °
slope when OH was present in the gas phase, indicating tha
pinic acid is also consumed by the OH reaction. There is
no way to determine whether the pinic acid was consumedkig. 4. Concentration of MBTCA (triangle) derived from-pinene
heterogeneously, in the gas phase, or via some combinasOA aging at different temperatures; magnitude of gas phase frac-
tion of the two. However, the signs of reaction are muchtion of pinonic acid (circles) at different temperatures.
less dramatic than for pinonic acid. Specifically, the particle
mass concentration (Fig. 2, black dots) shows no additional
particle-phase material being produced, and no evidence foacid), x-pinene SOA was processed in the presence of OH-
the production of MBTCA #:/z 203) can be found during radicals (from reaction of TME with ozone). SOA was
the oxidation of pinic acid. Nevertheless, a slightly differ- produced by ozonolysis af-pinene. For all temperatures
ent temporal behavior of other ion mass traces in the APCI(-an individual initial «-pinene concentration was chosen to
)IMS could be observed. During the pinic acid oxidation keep the final aerosol mass concentratiom gfinene SOA
(02:00—-03:00 h experiment time) the mass traces af 213 roughly constant at about 20 ugth Figure 4 shows the re-
m/z 229, m/z 231 show a small increase in intensity (see sults of the LC/ESI-MS quantification of the MBTCA con-
Fig. 3) indicating the formation of other oxidation products centrations (triangles) at the different temperatures. The
than MBTCA. Unfortunately nothing can be said about their measured MBTCA concentrations show a clear temperature-
chemical identity. One explanation that only minor changesdependence with low MBTCA concentrations at lower tem-
were observed might be the fact that a much lower frac-peratures and high MBTCA concentrations at higher temper-
tion of pinic acid resides in the gas phase and hence muchtures. Since no direct measurement of the gas-phase con-
smaller amounts react, forming smaller amounts of productscentration of pinonic acid was possible, the theoretically pre-
or that any diffusion limited heterogeneous reaction is simplydicted gas-phase fraction of pinonic acid at the different tem-
slower than the homogeneous gas-phase oxidation of pinoniperatures is also shown in Fig. 4 (circles). These values were
acid [Lambe EST 2009]. However, due to the different chem-estimated based on the expected temperature dependence of
ical nature of pinic acid certainly also other products will be the effective saturation concentration of pinonic acid and the
formed than in the case of pinonic acid oxidation and theseavailable aerosol mass concentration. As can be seen in the
products might be characterized by a higher degree of fragfigure, the measured MBTCA concentration increases with
mentation and by a higher volatility. the fraction of pinonic acid in the gas phase, strongly indicat-
The observations just described above already suggest thatg that the generation of MBTCA is a gas-phase process. A
gas-phase processing of the two SOA compounds is the donmore detailed discussion also including the MBTCA vyields
inant process, since pinonic acid, which mainly resides innormalized to the initiak-pinene concentration is presented
the gas phase, clearly produces a significant amount of conin the Supplement.
densable material, whereas pinic acid, which has a much
lower volatility and mainly resides in the condensed phase2.8 Formation mechanism
shows only minor indications for an ongoing formation of
condensable material. This conclusion is supported by meafhe mass spectrometric investigations unambiguously iden-
surements of the MBTCA concentrations duriagpinene  tified MBTCA as a product of the hydroxyl radical initi-
SOA aging experiments at different temperatures, which isated oxidation of pinonic acid in the gas phase. It is there-
shown in Fig. 4. The figure summarizes a set of agingfore necessary to explore possible chemical pathways lead-
experiments, which were performed at four different tem-ing from the ketocarboxylic acid to the branched tricar-
peratures (253K, 273K, 293K and 313K). The main dif- boxylic acid. Consequently, the following discussion fo-
ference to the experiments described above is that insteaduses on potential pathways to form MBTCA from pinonic
of oxidizing a single SOA compound (i.e. pinonic or pinic acid. Thus, only those pathways are discussed that can lead

A [ ug/m?

nce
pinonic acid in the gas phase / %

T T T T T T T T T T T T T T
250 260 270 280 290 300 310 320
Temperature / K
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Table 2. Site specific and total rate coefficients for hydrogen ab- uncertainty. However, the. position of the initial hydrogen .
straction from pinonic acid by OH radicals. atom abstraction substantially governs the subsequent oxi-

dation processes. Hence, the products of the oxidation pro-
cess are strongly influenced by the initial hydrogen atom ab-
straction site. Beside the location of the initial H-abstraction,

H-abstraction site k/10~2cm3molec s %

C-2 4.2 36 further reaction pathways are mainly controlled by the fate
C-3 3.¢ 27 of the intermediate alkoxy radicals RO. In general, alkoxy
C-5 2.0 18 radicals are formed after alkyl radicals add oxygen, forming
C-9/10 0.8 7.1

the corresponding alkylperoxy radicals ROn the presence

2‘71 814; gg of nitrogen oxides alkylperoxy radicals predominantly react
o 0.853 7'5 with NO to from alkoxy radicals and alkylnitrates. Since ni-

trate formation is generally considered to be a minor channel
Total 11.25 and is very unlikely to lead to the formation of MBTCA, this
pathway is neglected in the subsequent discussion. Alter-
According to calculations by Vereecken et al. (2662)d° Khamaganov et al. (2006). natively, under low N conditions (as in the experiments
described above), RCcan react with H@ or undergo self
and cross reactions, the latter also leading to alkoxy radicals
to MBTCA formation. An additional puzzle is the speed of RO (Kroll and Seinfeld, 2008). Reaction with H@rms
the MBTCA formation; in all cases (e.g. Fig. 2) the tricar- hydroperoxides, which may react further, for example in the
boxylic acid signal rises almost immediately after the Onsetpartic|e phase to form peroxyhemiaceta|5 (Tobias and Zie-
of pinonic acid oxidation. The MBTCA thus behaves like a mann, 2000). Although we cannot completely rule out that
first-generation oxidation product, despite having two addi-hydroperoxides are also forming MBTCA as a further reac-
tional acid moieties. It would thus appear that the initial OH- tion product’ also this pathway is neg|ected in the further dis-
radical attack on the pinonic acid is the rate-limiting step to cyssion.
MBTCA formation. The alkoxy radical itself can undergo three possible reac-
The oxidation of pinonic acid by OH radicals is initiated tions. (a) Dissociation into an alkyl radical and a carbonyl
by hydrogen atom abstraction, which can take place at dif-compound. (b) Isomerization to an alkyl radical and a hy-
ferent sites of the molecule (see Fig. 1b for labeling), re-droxyl function, via a hydrogen rearrangement, especially
sulting in the formation of different alkyl radicals. The site- 1,5 H-shift. (c) Reaction with oxygen forming carbonyl com-
specific rate coefficients depend on the interactions of indi-ponents and H@ The rates of these three possible reactions
vidual carbon centers with the OH radical, but H-atom ab-strongly depend on the molecular structure of the individ-
straction will occur over the entire structure, as discussed beual alkoxy radical and vary from radical to radical. For the
low. For the formation of MBTCA starting from pinic acid, present mechanism, the individual calculation of the branch-
one must accomplish three things: the acetyl group (carbonhg ratio of each alkoxy radical reaction is based on rate con-
6 and 7) must be eliminated; the cyclobutane ring must operstants for alkoxy radical reactions recommended by Atkin-
between carbons 4 and 5; and finally carbons 4 and 5 muston (2007) and Kroll and Seinfeld (2008)(Table 3) (Atkin-
be functionalized as carboxyl groups. This is a formidableson, 2007; Kroll and Seinfeld, 2008). As already mentioned
synthetic challenge, made more so because the MBTCA apabove, only those pathways are discussed in detail, which can
pears very rapidly after OH addition, under low-NOx con- |ead to the formation of MBTCA.
ditions and low (36 %) RH. However, there are strong indi- Clearly one of the most important steps governing the
cations from ambient aerosol mass spectrometry that agegubsequent reaction pathway is the site of the initial H-
organic aerosol (LV-OOA) in the atmosphere contains sub-abstraction. Consequently, it is obvious to discuss which
stantial carboxyl functionality (Jimenez2009). MBTCA isin H-atom abstraction initiates a reaction sequence that subse-
many ways an excellent surrogate for LV-OOA, with similar quently can lead to the formation of MBTCA and which not.
volatility and O:C. Consequently, elucidating its gas-phaseFor each possible initial H-atom abstraction site, Fig. 5 out-
formation mechanism is likely to lead to substantial insight lines the first steps in the reaction chain. As shown in Ta-
into broader chemical pathways in the atmosphere. ble 2 an H-atom abstraction from C-atom C-2 and C-3 is in
Partial rate coefficients for pinonic acid and related com-fact most likely. However, the pathways initiated by these
pounds (Table 2) have been calculated by Vereecken andbstractions cannot lead to the formation of MBTCA. The
Peeters (2002) and Khamaganov et al. (2006). Based osame is the true for an H-abstraction at C-9/10. At these
this work, the main site of hydrogen abstraction is carbon-sites the initial OH attack will lead to product structures in
atom C-2 (36 %), followed by C-3 (27 %), C-5 (18 %), car- which certain hydrogen atoms are already abstracted that are
boxylic acid O (7.5%), C-9/10 (7.1%), C-4 (3.5%), C-7 structural elements of MBTCA. However, when the initial
(0.8%). The values given here are estimates based on thid-atom abstraction is taking place at C-atoms C-4, C-5 and
partial rate coefficients and therefore subject to considerabl€-7 an oxidation chain to form MBTCA is possible. These
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Fig. 5. Initial reaction steps of hydroxyl radical oxidation of pinonic acid by OH radicals.

pathways are discussed in detail in the following paragraphgontinue with alkyl radical R33 forming another alkoxy rad-
as well as in Fig. 6. ical (R34) by adding oxygen and reacting with NO (or RO
R34 can undergo a 1,5 H-shift, resulting in a hydroxy group
(a) H-atom abstraction from the C-4 carbon atom (path-and an acyl radical (R35) located at the-€rbon atom.
way A). Vereecken and Peeters (2002) estimated that H-atorfrantechi et al. suggest this isomerization step to be quasi-
abstraction by OH from pinonic acid should take place from barrierless therefore very fagt{1x101—1x10?s~1) and
the C-4-atom at a fraction of 3.5%. The formed alkyl radi- efficient (Fantechi et al., 2002). However, more recent find-
cal R31 will subsequently react with oxygen and NO to theings (Vereecken and Peeters, 2010) suggest that H-migration
alkoxy radical R32. This radical will mainly decompose by of an aldehyde-H might have a higher barrier than obtained in
an opening the cyclobutane ring, resulting in two isomericolder studies. In this case the formation of adialdehyde-
alkyl radicals. In alkyl radical R33 the radical is located at the carboxylic acid (P25; see pathway B) would be the dominant
C-5-atom, in the isomeric structure the radical is located atreaction pathway. Otherwise, the product of the H-migration,
the C-3 carbon atom (not shown in Fig. 6). Both isomers arethe acyl radical R35 can undergo the typicallO reaction
predicted to form with a fraction of 47 %. The reaction can
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Table 3. Rates of alkoxy radical reactions as presented by Kroll andto be the favorite pathway the total yield would decrease to

Seinfeld (2008), based upon recommendations by Atkinson (2007)Z€r0- In that case pathway A is not applicable.
(b) H-atom abstraction from the C-5 carbon atom

(pathway B). According to the rate constant of

Reaction type Rate constant at 298 K t 2.0x102cmPmolecs! (Table 2) about 18% of
Dissociatio} the H abstractions by OH are expected to occur at the C-5
Leaving radical carbon atom. The resulting alkyl radical (R21) will add
CHz 1.5x 102 oxygen, after which the alkylperoxy radical will form the
CHyR 4.7x10% alkoxy radical R22. The fate of the alkoxy radical R22,
CHR, 4.2x10° however, is the key step in this part of the mechanism.
CR3 2.7x10P R22 will solely undergo dissociation, which will result
CH,OH 4.5x10° in an opening of the cyclobutane ring. The opening of
CHROH 6.7x10 cyclobutane rings by decomposition of alkyl radicals has
CRyOH 1.3x10% been discussed in detail by Vereecken et al. (2009) and
C(O)H 2-0X10‘71' Fantechi et al. (2002). Two ring-opening scenarios are
COR 9.5x10 possible. The most likely (98 %) will lead to a tertiary alkyl
IsomerizatioR radical at the C-8 carbon atom and a keto-function at C-5
Carbon from which H (structure not shown in the figure). The less likely ring
atom is abstracted opening (2 %) will lead to R23, introducing a primary alkyl
_CHs 2 5105 radical at C-4 and a keto-function at C-5. The tertiary alkyl
_CH,R 2 5x10° radical will react with oxygen and NO (if present) to form
—CHR, 8.5x10° an alkoxy radical. This radical is likely to decompose into
—CH,OHC 1.0x 107 a molecule of acetone and a new alkyl radical that has lost
—CHROH 3.4x107 the two characteristic methyl groups of MBTCA (Fantechi

- ) et al., 2002; Noziere et al., 1999). The chain to MBTCA
Reaction with @ 4.7x10%

continues with the reaction of R23 with oxygen and NO to
1o optain th st 416 be 7 keal midh Substantially hich form alkoxy radical R24. According to t_he rate constants
ac:u(r)acslganek?:c\)/gt;ineddiJS;OLfsliSnZSthn;;ldiS:o;\%/alugg from ir:Jdi\S/igSa:?rgaégor?sr, (Tab'3)' about 5% of R24 undergo reaction with oxygen to
Atkinson (2007) P Multiply rate constants by 1.3 for each adjacent non-methyl carbon, from P25. Actually, evidence of a product with a molecular
or3.3ifadjacent ca_rbon has hydroxyl groGg-ydrogen abstraction from carbon atom Weight of 214 can be seen in the on-line mass spectra (Fig. 3
only © At 760 Torr air. .

on-line APCI(-)/MS mass trace:/z 213). 95% of R24

undergoes dissociation (elimination of formaldehyde) and

isomerization (C-9 and C-10) reactions. The next step in
sequence to form the acyloxy radical R36. Due to the hy-the chain is another H-atom abstraction by OH from P25.
droxy group at carbon atom C-5, R36 is very likely to un- The gpstraction should mainly occur from C-4, to form R26,
dergo isomerization with a high yield resulting in alkyl rad- fg|jowed by adding @.The resulting acylperoxy radical
ical R37, which again can add>@nd react with NO. The  R27 can react with H@to form product P28. Again mass
resulting alkoxy radical R38 is likely to decompose into a spectrometric evidence is shown in Fig. 3 (Fig. 3 on-line
C2H30 radical and MBTCA. Another very important com- APCI(-)/MS mass trace:/z 231). For the next step an H-
peting reaction which has to be taken into account is the dexiom apstraction from C-7 is needed, forming alkyl radical
carboxylation of R36 (Vereecken and Peeters, 2009). COmMRrog  This radical will react with oxygen and NO to form
pared to the H-migration the decarboxylation can be ex-gjkoxy radical R210, which will eliminate formaldehyde
pected to possess a much more favorable entropic factor. exclusively (99 %), forming R211. The fate of R211 is to

The percentage numbers in Fig. 6 show an estimation oform acyloxy radical R212 via the addition of oxygen and

the branching ratios of the individual pathways. As men-reaction with NO. R212 will eliminate C£(97 %), to form
tioned above, these numbers are mainly based on the esticyloxy radical R213, which reacts by the addition of O
mation of the relative rates of the possible alkoxy radical re-forming the acylperoxy radical R214. R214 finally can react
actions and are certainly just a rough estimation of the po-with HO, to produce MBTCA and ozone (Jenkin et al.,
tential contribution of the individual pathways. However, if 2007; Le Crane et al., 2006) . It is obvious, due to the low
all these numbers are used for a first assessment of the rgbercentage of the key step and because of two additional
ative product yield, the MBTCA vyield from this pathway is OH reactions needed, that this pathway is not very likely
estimated to be about 1.6 %. If the formation of P25 and itsand MBTCA is not a main product. However, based on the
further reactions following pathway B (see next paragraph) isbranching percentages an approximate yield of MBTCA can
included the estimated yield would drop to quite low values be calculated to be only about 0.01 % via pathway B.
(about 0.031 %). If we consider the decarboxylation of R36
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Consequently, the overall yield from for examplepinene
oxidation might actually be higher.

In addition to the on-line measurements, an off-line quan-
tification of MBTCA was performed by analyzing filter sam-
ples taken during the pinonic acid oxidation experiments by
LC/MS. As a result, an average concentration of MBTCA of
c-4 A o 1.6 0.27 ug M3 (£0.1 pug n73) was measured. Considering the

ﬁgoz erll'.m'ntat'ggfs 8 031 calculated average gas phase concentration of pinonic acid
ranching fto ’ during the experiment (40 pgm) and assuming a complete

Table 4. Theoretical Yields of MBTCA formation by oxidation of
pinonic acid via different pathways.

H-abstraction  Pathway Yield %
site

C-5 B 0.0004 . - .

C.7 C 0.00014 consumption of PA, an experimental yield of 0.61 % can be
c 0:011 determined. This experimental result is within the range of
Total Range 0.012 %—1.6 % the theoretical predictions, although one has to consider that

both experimental and theoretical yield estimations are just
rough approximations based on several assumptions. How-
) ever, it can be concluded that the majority of pinonic acid is
(c) H-atom abstraction from the C-7 carbon atom (pathwaygegraded to other products than MBTCA. However, in SOA
C and C'). H-abstraction by OH radicals from C-7 carbon formation a “minor” overall product can nevertheless be im-
atom of pinonic acid has the lowest rate constant (Table 2)y4tant. Here, in the course of the oxidation of pinonic acid,
and thus is predicted to be a minor reaction channel righty mass increase of about 3 pg¥was observed (see Fig.2).
from the beginning of the reaction sequence (about 1%)This means that MBTCA formation explains at least about
Therefore, we abandon a detailed discussion of the possiblgg o4 of the newly formed particle phase material. On-line
reaction pathways possibly leading to MBTCA. However, it Apc(-)/MS and LC/MSMS experiments revealed other side
should be noted that other authors (Kourtchev et al., 2009}oqycts, however, due to the lack of authentic standards a
consider this pathway to be a relevant pathway in the formaqantification and identification was not possible within this

tion of MBTCA and we refer the reader to the original paper sdy. Therefore, the majority of the particle phase material
for a more detailed discussion. Nevertheless, for the matformed after pinonic acid oxidation remains ambiguous.

ter of completeness these pathways are also shown in Fig. 6
and a comprehensive discussion of pathway C is given in the
Supplement. 3 Conclusions

29 VYield of MBTCA This study confirms 3—methyl—1,2,3—b.qtanetricarboxylic acid
(MBTCA) as an important low volatility aging product of

All individual yield estimations for each of the MBTCA for- tr;ivizlséaza:ﬁa?;é?:rtifg dogyp;ngggp?gﬁénﬂ?;ﬁétm a(ljsoc;lz)—n_
mation pathway discussed above are summgnzed in Table Zﬁhe APCI/MS and filter analysis via liquid chromatography-
Pathway A clearly turns out to be the most likely one, how- ESI-mass spectrometry. The formation of MBTCA explains
ever, as discussed above the inclusion of alternative pathwaysb ) :
. ; about 10 % of the newly formed SOA mass. The experimen-
would alter this conclusion. Nevertheless, pathway A also_fal yield was determined to be about 0.61%. Several dif-

has some features consistent with the data. Specifically, i ; .
) . L .’ _Terent reaction pathways have been developed and discussed
requires only a single OH attack, and while it does require.

several NG>NO; conversions, it is possible that other per- In respect to_mdmdual branching ratios and potent_lal rela-
. . . o . tive contribution to MBTCA formation. The formation of
oxy radical pathways are active outside of this “canonical

route. The contributions of pathway B and C can proba-MBTCA from pinonic acid oxidation is an important evi-

ence for oxidative aging processes of biogenic SOA occur-
bly be neglected. Nevertheless, pathway B at least suggesﬁsng in the atmosphere. At this point more work is needed to

two significant products that actually have been observed in o
the on-line mass spectra (Fign8/z 213:m /z 229). Over- reveal additional SOA compounds as precursors for MBTCA

all, by evaluating the individual branching ratios of the reac- and establish MBTCA as a multi-precursor aging product.

tion mechanism as discussed above a range of the theoretic ; R . : .
N e oL, o B e o s
that MBTCA is not a main product of the OH initiated ox- acp-12-1483-2012-supplement.pdf

idation of pinonic acid. However, a closer look especially

to pathway A suggests that other SOA compounds, whichacknowledgementsie thank the AIDA team at KIT for their
exhibit a similar constitution as pinonic acid (e.g. pinonalde- effective support during the measurement campaign and the
hyde, hydroxypinonic acid), can also be oxidized to MBTCA EUROCHAMP-2 project within the EC 7th framework programme
by an initial H-atom abstraction from the C-4 carbon atom. for financial support.
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