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Abstract

The detailed molecular composition of secondary organic aerosols (SOA) from
limonene ozonolysis was studied using ultrahigh-resolution Fourier transform ion cy-
clotron resonance (FT-ICR) mass spectrometry. High molecular weight (MW) com-
pounds (m/z > 300) were found to constitute a significant number fraction of the iden-
tified SOA components. Double bond equivalents (DBE = the number of rings plus the
number of double bonds) increased with MW. The O:C ratios and relative abundances
of compounds decreased with increasing MW. The mass spectra of limonene contain 4
distinct clusters of negative ions: Group | (140 < m/z< 300), Group Il (300 < m/z< 500),
Group Il (500 < m/z< 700) and Group IV (700 < m/z < 850). A number of CH, and O
homologous series of low MW SOA (Group 1) with carbon number 7—-15 and oxygen
number 3—-9 were observed. Their occurrence can be explained with isomerization
and elimination reactions of Criegee radicals, reactions between alkyl peroxy radicals,
and scission of alkoxy radicals resulting from the Criegee radicals. Additionally, frag-
mentation analysis and observations of formaldehyde homologous series provide evi-
dence for aerosol growth by the reactive uptake of generated gas-phase carbonyls in
limonene ozonolysis. The decreasing O:C ratios between group of compounds indi-
cated the importance of condensation (aldol and esterification) reaction pathways for
high MW compound formation. However, the prominent DBE changes of 2 between the
groups of compounds and selected fragmentation (MS/MS) analysis of Group Il and
Group lll ions indicated a predominance of non-condensation (hydroperoxide, Criegee
and hemi-acetal) reaction pathways. A reaction matrix created with the combination of
low MW SOA, hydroperoxides, and Criegee radicals indicated higher frequencies for
the hemi-acetal and condensation reaction pathways. Overall, the combined approach
confirms the importance of non-condensation reaction pathways over condensation
reaction pathways. Among the non-condensation reaction pathways, hemi-acetal re-
actions appear to be most dominant followed by hydroperoxide and Criegee reactions.
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1 Introduction

Organic aerosols, constituting up to 90 % of the aerosol mass fraction, are known to
have adverse impacts on visibility, climate, public health and biogeochemistry (Kanaki-
dou et al., 2005; Salma et al., 2008). Total global biogenic secondary organic aerosols
(SOA) are estimated to be 12-70Tg yr‘1, greatly exceeding the 2-12Tg yr‘1 of an-
thropogenic SOA (Hallquist et al., 2009). Since the discovery of aerosol formation from
biogenic volatile organic compounds (Went, 1960), significant research has been con-
ducted on the composition of SOA and their formation processes. An improved under-
standing of the molecular composition and formation processes of SOA is required for a
quantitative assessment of its production, properties and environmental effects (Fuzzi
et al., 2006). The major biogenic volatile organic compounds consist of isoprene fol-
lowed by monoterpenes and sesquiterpenes (Liao et al., 2007). Limonene accounts for
~20 % of the total monoterpene emissions into the atmosphere by vegetation (Stroud
et al., 2005). Despite its low concentration, limonene has high potential to form SOA
because of the presence of an endocyclic and an exocyclic bond. The aerosol yields of
limonene ozonolysis are several times higher than those of other monoterpene ozonol-
ysis (linuma et al., 2004; Leungsakul et al., 2005; Heaton et al., 2007). Thus due to the
significant emissions and higher reactivity of limonene, limonene oxidation may con-
tribute substantially to aerosol organics. Despite their significance, little is known about
the molecular composition of biogenic SOA and their formation processes.

Current studies indicate that high MW SOA components are accretion products of
low MW components. Therefore, the low MW compounds are often considered to be
building units of high MW compounds. To improve our understanding of this process,
comprehensive characterization of the low MW SOA components is needed. Several
compounds in the mass range of 168 < m/z< 202 were detected by Leungsakul et
al. (2005) and Geddes et al. (2010) in limonone ozonolysis SOA using a gas chro-
matography/mass spectrometry (GC-MS) and near-infrared laser desorption/ionization
aerosol mass spectrometry (NIR-LDI-AMS). They described the formation of the
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observed compounds with elimination and isomerization reactions of Criegee radicals.
In another study using high resolution mass spectrometry, Walser et al. (2008) ob-
served a higher number of low MW components in SOA from limonene ozonolysis.
They described the formation of additional compounds with alkyl peroxy and alkoxy
radical reactions. Despite the additional pathways, the observed CH, and O Homolo-
gous series (Walser et al., 2008; Bateman et al., 2009) of low MW components were
not fully explained. This suggests a need to characterize the SOA products in more
detail and to revisit the reaction schemes for the formation of low MW SOA.

As stated previously, high MW SOA components can be formed by the reactions of
low MW neutral molecules with hydroperoxides or Criegee radicals (Ziemann et al.,
2005; Docherty et al., 2005). High MW SOA can also be formed by hemi-acetal, and
condensation (aldol and esterification) reactions (linuma et al., 2004; Gao et al., 2004;
Kalberer et al., 2004; Hamilton et al., 2006; Surratt et al., 2006). Heaton et al. (2007)
observed the formation of high MW SOA within 3—-22 s after ozone and limonene were
introduced into a flow reactor. They interpreted the high MW SOA production to re-
sult from the hydroperoxide and Criegee reaction channels with a predominance of
hydroperoxide reactions. In another study, Bateman et al. (2009) suggested the impor-
tance of the Criegee and hemi-acetal reaction pathways for high MW SOA formation in
limonene ozonolysis. The hemi-acetal and condensation reaction pathways have also
been proposed for the formation of high MW SOA from other monoterpenes (linuma
et al., 2004; Reinhardt et al., 2007), and isoprene (Surratt et al., 2006). The variety of
reaction pathways and conclusions prompt a need for further evaluation of the relative
significance of the proposed reaction pathways with respect to the formation of a wide
variety of high MW SOA.

A number of approaches to interpret the observed SOA molecular composition and
high MW compound formation have been described in the literature. Reinhardt et
al. (2007) observed a decrease in the O:C ratios with increasing MW in a-pinene
ozonolysis SOA. Similarly, Putman et al. (2011) observed a decrease in the O:C ra-
tios in a-pinene ozonolysis but no decrease in the H:C ratios. Elemental ratios of

2170

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 2167-2197, 2012

Characterization of
limonene ozonolysis
SOA

S. Kundu et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/2167/2012/acpd-12-2167-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/2167/2012/acpd-12-2167-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

oxygen and hydrogen to carbon (O:C and H:C) decrease with the elimination of wa-
ter as expected in the condensation reactions (aldol condensation and esterification).
The decrease in the O:C with increasing MW is in contrast to the interpretation by
Jimenez et al. (2009). Using aerosol mass spectrometry, they report highest O:C ra-
tios for low-volatility OOA (oxygenated organic aerosol), which likely contained a large
fraction of oligomeric and other high MW products. Bateman et al. (2009) observed a
predominance of double bond equivalents (DBE = the number of rings plus the number
of double bonds) to increase by 2 for each groups (monomers, dimers and trimers).
DBE increases of 2 are expected for the Criegee, hydroperoxide and hemiacetal reac-
tion pathways, whereas DBE increases of 3 indicate condensation reactions. However,
a complex array of building units with different DBE values may result in a complex
array of high MW compounds with various DBE values. Heaton et al. (2007) created
a reaction matrix of building units to explain the observed high MW compound forma-
tion in monoterpene (B-pinene, carene, limonene and sabinene) ozonolysis SOA. This
approach resulted in individual high MW compounds formed by different reaction chan-
nels. These results suggest a need for a more advanced approach to explain the high
MW compound formation.

Here we present the results of ultrahigh-resolution FT-ICR MS analysis with a resolv-
ing power of 400 000 to characterize limonene ozonolysis SOA. Reaction pathways and
their relative significance for the formation of organic compounds are discussed. Frag-
mentation analyses with ultrahigh resolution FT-ICR MS were carried out for selected
negative ions for structural elucidation and further insights toward an improved under-
standing of the formation of high MW limonene ozonolysis SOA.
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2 Experimental
2.1 SOA generation and extraction

Aerosol samples were generated by the reaction of ozone and (R)-(+)-limonene (99 %,
Sigma-Aldrich) at the Los Alamos National Laboratory in an aerosol chamber. Briefly,
the aerosol chamber is 1.5m? flexible Teflon bag (5ml) suspended on a bench top.
The chamber was completely covered with a black fabric to simulate dark condition.
Before the start of an experiment, the chamber was cleaned by flushing it with purified
compressed air (prepared by the Los Alamos National Laboratory gas facility) until the
particle number was below 2 particles cm™3, Compressed air was purified by passing it
through a water trap (Drierite) and hydrocarbon trap (Restek). A condensation particle
counter (CPC, TSI 3025A) was used to determine the number of particles. Prior to
introduction of reactants, the proper relative humidity was achieved (0 or 4 %) and
was recorded by a relative humidity sensor (Vaisala Combined Pressure, Humidity and
Temperature Transmitter, PTU300). Aerosols were generated under dry conditions to
reduce the complexity of SOA formation (Jonsson et al., 2008). Liquid limonene was
introduced through a heated port and was allowed to disperse throughout the chamber
for 15min. The target concentration of 500 ppb corresponded to a liquid volume of
4 ul. Ozone was produced until a maximum concentration of 250 ppb was achieved
(Ozone monitor, 2B Technologies, Model 205). Aerosol particles were observed within
seconds after ozone was introduced to the chamber. No seed aerosols or hydroxyl
radical scavenger were added. The reactants were allowed to react for an hour. A
heat mat, maintained at 25—-28 °C, was used below the chamber to mix the reactants
homogeneously throughout the chamber. The resulting aerosols were collected at
a flow rate of 6slpm for 2.5-5h on a pre-baked quartz fiber filter. No denuder was
used before the aerosol sampler. Chamber blanks were collected following the same
methods except limonene and ozone were not added into the chamber. The filters
were placed in petri dishes (Pall Corporation) wrapped with aluminum foil and stored
frozen until extraction. Samples were kept cool during transport between laboratories.
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SOA and blank samples were extracted with 5ml of 1:1 mixture of acetonitrile and
water. The extraction was carried out in a sonicating bath for 30 min. Extracts were
then filtered and stored at —5 °C until analysis.

2.2 Ultrahigh-resolution FT-ICR MS analysis

Samples were analyzed with a hybrid 7T FT-ICR MS (LTQ FT Ultra, Thermo Scientific)
equipped with an electrospray ionization (ESI) source. The instrument was externally
calibrated in the negative ion mode with standard solutions of sodium dodecyl sulfate
and taurocholic acid and the resulting mass accuracy was better than 2 ppm. Diluted
samples were infused at 5 pl min~" into the ESI interface. The ESI probe was placed
in position “B”, the needle voltage was set between at —3.7 and —4.0 kv and no sheath
gas was used. Mass resolving power was set at 400000 (at mass-to-charge (m/z)
400) for all spectra. The capillary temperature was maintained at 265 °C. Mass spectra
of m/z 100-1000 were acquired in the negative ion mode. Note that lower intensities
of low MW ions (m/z < 200) relative to higher ones were observed in the FT-ICR MS
compared to ion trap MS. The difference is likely a consequence of ion losses over
the ~1 m ion transfer path between the mass analyzers of the hybrid LTQ/FT-ICR MS
instrument (M. C. Soule, personal communication, 2011). Automatic gain control was
used to consistently fill the linear ion trap with the same number of ions (n =1 x 106) for
each acquisition and to avoid space charge effects from over-filling the mass analyzer.

Tandem mass analysis (MS/MS) of selected precursor ions was performed within the
FT-ICR mass analyzer using infrared multiphoton dissociation (IRMPD). Target precur-
sor ions were isolated in the linear ion trap with an isolation width of 2 Da and then
were transferred to the FT-ICR MS. The isolated ions were irradiated by the IRMPD
light source with a normalized collision energy level of 100 % over 300 pys. The MS/MS
mass spectra were measured with a resolving power of 200 000 and 50 transients were
acquired to produce product ion mass spectra.
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2.3 Molecular formula assignment and quality control

Approximately 200 individual time domain transients were co-added with Sierra Analyt-
ics Composer software (Mazzoleni et al., 2010). Co-addition of numerous time domain
transients prior to Fourier transformation improves the signal-to-noise ratio (Kujawin-
ski et al., 2002) and the signal reproducibility (Soule et al., 2010). Several high relative
abundance SOA components were used as internal recalibrants (Sleighter et al., 2008;
Putman et al., 2011) to improve analyte mass accuracy. A full list of internal recalibrants
is given in Table S1. The molecular formula calculator was set to allow up to 100 car-
bon, 200 hydrogen, and 20 oxygen atoms per molecular composition. Unequivocal
formula assignment is expected up to 1000 Da when only C, H and O are included
(Koch et al., 2005).

Soule et al. (2010) have shown that ion detection and detector response of the ion
intensities in the ESI FT-ICR mass spectra are somewhat variable between replicate
analyses. Reproducibility is improved with the co-addition of 200 transients at a resolv-
ing power of 400 000. To further refine the list of ions, the common ions from replicate
analyses (SOA sample at 0% RH) and the analyses of two experiments with nearly
identical parameters were compared. More than 80 % of the ions were common be-
tween replicate analyses of the sample and more than 85 % of the ions were common
between the two experimental SOA samples generated at 0 and 4 % relative humidity.
The comparison is shown in Figs. S1 and S2. A full list of the retained molecular for-
mulas is given Table S1. About 20 % ions are common between blanks and aerosol
samples. Blank subtraction was not applied because the intensity in the blank sample
was less than 6 % of that in the experimental SOA samples. The lower intensity of
common ions suggests they resulted from carry-over within the electrospray ionization
source.
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3 Results and discussion
3.1 General characteristics of the SOA mass spectra

Approximately 1200 monoisotopic molecular formulas were identified in limonene
ozonolysis SOA samples. Molecular formulas containing 13C were identified and corre-
sponded to molecular formulas providing an intrinsic validation of formula assignment
(Schaub et al., 2005). The high number of molecular formulas identified in this study is
associated with an increased sensitivity of the LTQ FT Ultra (Thermo Scientific) and the
co-addition of ~ 200 transients (Kujawinski et al., 2002). The limonene ozonolysis SOA
mass spectra has four prominent clusters of high relative abundance ions. Here we re-
fer to these clusters as groups: Group | (140 < m/z< 300), Group Il (300 < m/z< 500),
Group Il (500 < m/z< 700) and Group IV (700 < m/z< 850) (Fig. S3). This type of
clustering of high relative abundance ions was previously observed in the soft ion-
ization mass spectra of SOA from limonene ozonolysis and other terpene ozonolysis
(Reinhardt et al., 2007; Tolocka et al., 2006; Walser et al., 2008). Previous studies
have labeled them as monomers, dimers, trimers and tetramers. Mass differences be-
tween the ions within clusters are associated with the exact masses of CH, and O.
Similar mass differences were observed in the mass spectra of SOA from limonene
and a-pinene ozonolysis (Tolocka et al., 2004; Walser et al., 2008; Bateman et al.,
2009).

3.2 Building units of high MW organic compounds

Consistent with previous studies (Heaton et al., 2007; Tolocka et al., 2004), Group
I (140 < m/z < 300) compounds are considered to be the building units of high MW
SOA. Group | includes 74 identified molecular formulas with relative abundances >1 %
(Fig. 1). The highest relative abundance ions are at the nominal masses of m/z185 and
245, followed by nominal masses of m/z 261, 231, 215, 217, 171, 217, 199 and 247.
Note that the relative abundances in the negative ion mass spectra might be influenced
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by the ionization efficiency of analytes. A number of CH,, O and CH,O homologous
series of compounds were observed. The chemical characteristics (O:C ratios, H:C
ratios, DBE and OM:OC ratios) of this group are described in Table 1.

The relative abundances of CH, homologous series with DBE values of 3 are dom-
inant in the mass spectra of Group | (Fig. 1c). The formation of a CH, homologous
series with a DBE of 3 is illustrated in Fig. 2. The alkoxy radical (I, C;oH503) re-
sulting from the limonene ozonolysis converts to another alkoxy radical (ll, C;oH1504)
with one more oxygen atom following the isomerization, oxygen addition and RO,
radical reactions (Walser et al., 2008). These three steps are collectively defined as
oxygen-increasing-reactions. If the oxygen-increasing-reactions are repeated on this
radical (Il), alkoxy radicals with more oxygen, such as those labeled Ill (CgH;30g), IV
(C40H450g), V (CgH¢30¢), and VI (C4oH4504) in Fig. 2, can be produced. Alkoxy rad-
icals such as that labeled as Ill and IV can be cleaved at the a-position of the alkoxy
radical to form alkyl radicals with lower carbon numbers, which may form alkoxy rad-
icals due to their reactions with O, and RO,. Due to the subsequent RO, radical
reactions on these alkoxy radicals, neutral molecules are formed including C;H;,Og,
CgH45,0g, CgH44,0¢ and C4qH0¢. They constitute the homologous series C;H;(Og
(CHz)o_s (Fig. 1c).

Some of the components in the above mentioned homologous series contain 11 and
12 carbon atoms. One of these, C4{H5Og4 corresponding to m/z245, is the most promi-
nent ion in the mass spectra (Fig. S3). These types of low MW secondary compounds
are likely formed by the reactive uptake of gas-phase carbonyls (e.g., formaldehyde,
acetaldehyde, acetone, glyoxal, methylglyoxal, etc.) generated from limonene ozonol-
ysis (see Fig. 2b) (Jaoui et al., 2003; Lee et al., 2006). This conclusion is consistent
with the observation of the prominence of the formaldehyde (CH,0) homologous series
(Fig. 1). Heaton et al. (2009) also suggested formaldehyde, acetaldehyde, and methyl-
glyoxal as possible candidates for the growth of SOA in a- and (-pinene ozonolysis
SOA. SOA growth by the uptake of gas-phase carbonyls has been demonstrated in
both experimental (Jang and Kamens, 2001; Kroll et al., 2005) and theoretical studies
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(Barsanti and Pankow, 2004, 2005). The experiment in our study was done without
seed aerosols. However, the organic acids produced from monoterpene oxidation
could provide the necessary acidity for catalytic reactions of gas-phase carbonyls onto
generated organic aerosols (Gao et al., 2004). Reactive absorption of carbonyl com-
pounds will be further evaluated by the fragmentation analysis in Sect. 3.4.

The relative abundances of the O homologous series with DBE values of 3 are the
most prominent in the mass spectra (Fig. 1h). The formation of an O homologous se-
ries with DBE values of 3 is illustrated in Fig. 3. Alkyl radical (XI, CqH;30,) could be pro-
duced by the a-cleavage of alkoxy radicals resulting from limonene ozonolysis (Walser
et al., 2008). This alkyl radical is converted to another alkyl radical (XIIl, CgH303)
with one more oxygen atom following oxygen-increasing-reactions (O, addition — re-
actions with RO, radicals — isomerization). If the oxygen-increasing-reactions are
repeated on the alkyl radical (XIlI, CgH;303), alkoxy radicals including XIV (CgH,30,),
XV (CgH4305), XVI (CgH430¢) and XVII (CgH4305) are produced. These radicals re-
act with RO, to form CyH{4,0,4, CgH1405, CgH{4,06 and CyH;,0,. The CgH,,05 can
be produced by the reactions of alkoxy radicals (XIl, CqH4303) with RO, radicals. To-
gether, they form the homologous series of CgH;4,03_5.

The formation processes for homologous series of compounds with DBE values of 4
are similar to that of homologous series of compounds with DBE values of 3, as shown
in Fig. S4. Homologous series of compounds with DBE values of 2 are observed with
significant relative abundances (Fig. 1b, g and I). The hydration of carbonyl group
could reduce the DBE values from 3 to 2. While some hydration reactions may occur in
the reaction chamber, hydration reactions are most likely to occur during the aqueous
extraction in this study. Similarly, Yasmeen et al. (2010) reported evidence for the acid-
catalyzed hydration of methylglyoxal in dark model cloud water reactions.

3.3 Characteristics and formation of high MW SOA compounds

Similar to the low MW compounds, CH, and O homologous were observed in each
group of the high MW compounds. The chemical characteristics of the high MW
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compounds in Groups Il, lll and IV are described in Table 1.

The most prominent DBE values observed in Group |, Group Il and Group Il are 3,
5 and 7 (Fig. 4). Similarly, the prominent difference of DBE values between groups
is 2. Similar DBE increments of 2 were observed in limonene ozonolysis SOA by
Bateman et al., 2009. They interpreted it to be associated with a predominance for
Criegee and hemi-acetal reaction channels over the condensation reaction channels.
As they demonstrated, the increment of 2 DBE occurs in Criegee and hemiacetal re-
actions (Fig. S5) and increment of 3 DBE occurs in condensation reactions (aldol and
esterification) (Fig. S6). However, the increments of DBE 2 may also occur in the
hydroperoxide reaction channel (Fig. S5); so, this reaction channel may also be re-
sponsible for the predominance of the DBE increments observed in limonene SOA.
An exception to this is an increase of 3 DBE in some Criegee radical reactions and 2
DBE in some aldol condensation reactions (see Figs. S5 and S6). Thus, the higher
significance of the hydroperoxide, Criegee and hemi-acetal reactions compared to the
condensation reaction channels needs further validation. Fragmentation analyses of
selected peaks in Sect. 3.4 are used as an additional interpretive tool to determine the
relative importance of the reaction channels.

Elemental ratios of hydrogen and oxygen to carbon are useful for classification
of complex organic compounds and for evaluating the formation processes of high
MW SOA. The van Krevelen diagram, a plot of H:C vs. O:C, for limonene SOA is
shown in Fig. 5. A significant fraction of high abundance compounds was observed
with O:C ratios of approximately 0.4—0.7 and with H:C ratios <1.5. They are asso-
ciated with aliphatic high MW compounds with multifunctional groups. The average
O:C ratio decreases from Group | (0.59 +0.18) to Group Il (0.51 £0.13) compounds
(Fig. 5b). There is no significant differences between the O:C and H:C ratios of Group
[11(0.49 £0.09; 1.6 £ 0.11) and those of Group Il compounds (0.51 £0.13; 1.53 £ 0.16).
The observed O:C ratio decrease with increasing MW differs from the interpretation of
the observed O:C ratios from aerosol mass spectrometry analysis of ambient atmo-
spheric aerosols at many locations in the Northern Hemisphere (Jimenez et al., 2009).
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For example, the O:C ratios of low-volatility oxygenated organic aerosol (LV-OOA),
representing oligomeric and other high MW organic aerosols, are higher than those
of semi-volatile OOA (SV-OO0A), representing comparatively fresh and low MW organic
aerosols. This suggests that O:C ratios observed using aerosol mass spectrometry are
more influenced by the low MW compounds. The decrease in O:C ratios from Group
| to Group Il was interpreted by Reinhardt et al. (2007) as an elimination of H,O dur-
ing the formation of high MW SOA from a-pinene ozonolysis following condensation
reactions. However if water is eliminated as proposed, it is also expected that the H:C
ratio will also decrease from Group | (1.5+0.20 ) to Group Il (1.5+0.16). We did not
observe a change in H:C ratios which indicates less significance for the condensation
reaction channels. These observations and the DBE trends suggest a higher signif-
icance for the hydroperoxide, Crigee and hemi-acetal reaction channels. Additional
evidence will be provided by the fragmentation analysis of the selected ions presented
in Sect. 3.4.

As discussed, SOA components observed in Group Il and Group Il are expected to
represent combinations of hydroperoxides, Criegee radicals and Group | compounds.
Reaction matrixes were created for several different reaction channels to identify the
formation processes of the high MW compounds. They included nine limonene de-
rived hydroperoxides (Heaton et al., 2007), three limonene derived Criegee radicals
(Docherty et al., 2004) and high abundant (RA > 1 %) neutral molecules from Group |
analytes. Hydroperoxides and Criegee radicals are expected to react with a neutral
molecule leading to the formation of the high MW SOA components. Reactions may
occur between alcohol and carbonyl functional groups in the hemi-acetal reaction chan-
nel. Alcohols may also react with carboxylic acids by the esterification reaction channel.
Carbonyl containing compounds react together with the elimination of a water molecule
in the aldol condensation reaction channel. The schematics of these reaction pro-
cesses are shown in Figs. S5 and S6. Using this approach, 136 Group |l compounds
and 90 Group Il compounds were matched to the products of the hydroperoxide re-
action channel. The Criegee reaction channel matched 90 Group |l compounds and
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68 Group Ill compounds. Reaction products of the hemi-acetal channel corresponded
to 172 Group Il compounds and 88 Group Ill compounds. Products of the condensa-
tion reaction channels matched 164 Group Il compounds and 87 Group Ill compounds.
Results of the 50 most abundant Group Il compounds are shown in Fig. 6. They show
that most of the high MW compounds are formed by multiple reaction pathways and a
higher matching probability was obtained using the hemi-acetal and condensation re-
action pathways than using the Criegee and hydroperoxide reaction pathways. Similar
results were also observed for Group Ill compounds (see Table S2). The reaction ma-
trix analysis suggests that none of the presented channels can be excluded as possible
formation mechanisms for the formation of high MW SOA.

3.4 Structural elucidation of selected ions

Fragmentation analysis was done for a better understanding of the molecular compo-
sition and the formation processes of high MW compounds. Fragmentation of isobaric
ions within 2 Da was performed on the abundant nominal masses of m/z 245, 401 and
587. Due to limitation in the isolation of precursor ions, the fragmentation analysis can-
not be done on singular analyte. It is assumed that a majority of the product ions were
generated from the peaks with the greatest intensities in the isolation range.

The product ion mass spectrum for m/z 245 + 2 fragmentation is shown in Fig. 7.
The dominant precursor ion is m/z245.1032 (C441H450Og¢) and there are 9 less abundant
isobaric ions at m/z 245 (inset panel). This compound was previously proposed to be
formed by the reactive absorption of vapor phase carbonyl as shown in Fig. 2b. The
expected major fragments of this compound and its structural isomers were observed
in the product ion spectrum (Fig. 7). Fragments in the high mass range (m/z > 165) are
related to the elimination of neutral molecules (i.e. H,O and CO,) from the precursor
ions. They include peaks at m/z165, 183, 201, 209, and 227. Examples of these
product ions are shown in the lower panel (a). Fragmentation can occur at the G-
carbon relative to the carboxyl or carbonyl groups via the McLafferty rearrangement in
the structural isomers (lower panels, b, ¢ and d); resulting product ions at m/z 59, 73,
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75, 89, 105, 139, 155, 171, 169 and 185. Fragmentation at the a-position relative to
the OH group in structural isomer (lower panel, e) can produce ions at m/z 157, 87, 99,
117 and 127. Evidence for the existence of a few structural isomers for the precursor
ions is observed in the mass spectrum. Similar types of neutral molecule eliminations
may explain the other dominant ion at m/z 185. Its mass spectrum and fragmentation
processes are provided in Fig. S7a.

As indicated by the reaction matrix, several combinations of building units fol-
lowing different reaction channels were identified for m/z 401.1817 (C49H370g) and
401.2179 (CyoH340g). See the inset in Fig. 7a. These results indicate that the peak
at m/z401.1817 and 401.2179 can be formed by all the mentioned reaction pathways.
Fragmentation analysis was done to evaluate them. The product ion mass spectrum for
fragments at nominal m/z 401 is shown in Fig. 7a. The product ions are assumed to be
predominantly from the most prominent ions 401.1817 and 401.219. Note there are 13
isobaric peaks at m/z 401. The building blocks (shown in the figure inset) associated
with hydroperoxide, Criegee and hemiacetal reaction channels can explain most of the
prominent peaks between m/z143 and 245. The m/z of the building units is >230 for
the majority of the combinations following the condensation (aldol and esterification)
reaction channels and they are not observed as prominent product ions. Similar re-
sults were also obtained for other prominent ions at m/z 357 + 2, 387 + 2, and 417 £ 2.
Their product ion mass spectra are shown in Fig. S7. The results further support the
importance of hydroperoxide, Criegee and hemiacetal reactions over condensation re-
actions for the formation of high MW Group Il compounds. The prominent fragments
at the high m/z region are 303, 321, 339, 365 and 383. They are related with neutral
molecule elimination (i.e. H,O, CO, and their combinations) from the precursors. The
product ions < m/z 140 are likely result of secondary fragmentation of building units
relative to m/z 401. Typical fragmentation processes of the building units of high MW
organic compounds have been shown previously in Fig. 7.

For the dominant isobaric ions at m/z 587.2343, 587.2708 and 587.3074 (formulas:
Cs7H40014, CogHusO43, CogHysO45) in Fig. 8b, many combinations of building units
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were observed following different reaction channels. They are shown in the inset. The
molecular weight of at least one building unit is >230 in 80 % of the potential combi-
nations following condensation reactions. The product ions of these precursors are
much less abundant in the mass spectrum. Similar results were also obtained from the
fragmentation of the ions at m/z 541 (Fig. S7). These results further suggest greater
importance of hydroperoxide, Criegee and hemi-acetal reactions in the high MW com-
pound formation. The ions of the high m/z region at 569, 551 and 515 are associated
with the elimination of neutral molecules (i.e. H,O, CO,). The ions in the middle m/z
region including: m/z 401, 399, 385, 369, 355, 339, 327 and 315 are due to the loss
of neutral building units including 186, 188, 202, 218, 232, 248, and 260, respectively,
from the precursor ions. Most of the prominent peaks in the middle m/z region of 143—
300 are related to the secondary fragmentation of the participating building units of
the high MW compounds. The ions at lower m/z values might have resulted from the
characteristic fragmentation processes of the building units of high MW compounds as
shown in Fig. 7.

Product ions in Fig. 8a are associated with a Group Il precursor and product ions
in Fig. 8b are associated with a Group Ill precursor. The m/z region of 300-450 was
shown only in the product ion spectra of Group Ill compounds. This suggests the
presence of an additional building unit in the molecules of Group Ill compounds. Most
of the building units in the m/z of 150-300 are common in the spectra of Group Il and
Group Il compounds; however, their intensities are different. These results suggest the
participation of different amounts of the building units in high MW compound formation.

4 Conclusions

Using ultrahigh-resolution Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS), 1197 molecular formulas were identified in the SOA of limonene
ozonolysis. Four characteristic ion clusters with high relative abundances were
observed. The mechanistic reaction pathways for the formation of CH, and O
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homologous series in the low MW compounds (140 < m/z < 300) were explained by
reactions involving Criegee radicals, alkyl peroxy radicals and alkoxy radicals. The
presence of formaldehyde (CH,O) homologous series and the fragmentation analysis
of selected ions in Group 1 (140 < m/z< 300) provides evidence for aerosol formation
by the reactive uptake of vapor phase carbonyls. The DBE changes of 2 from Group
| to Group Il and Group Il to Group lll indicate a predominance of non-condensation
reaction pathways (hydroperoxide, Criegee and hemi-acetal) over condensation (al-
dol and esterification) reaction pathways. The decreasing trends O:C ratios between
group of compounds suggest the importance of condensation reaction pathways over
non-condensation reaction pathways. Note that O:C ratios are decreased as a re-
sult of elimination of water in the condensation reactions. The highest frequency of
matches was found for the hemi-acetal and condensation (aldol and esterification) re-
action pathways. We observed that the interpretation of the molecular DBE values
and the elemental ratios may sometimes result in ambiguous conclusions about the
formation processes of high MW SOA (m/z> 300). It is also difficult to interpret the
formation processes of high MW compounds using a comprehensive reaction matrix
since a majority of the individual high MW compounds can be produced via several
different reaction channels. In this work, we presented an integrated approach to elu-
cidate high MW SOA formation processes using the DBE, elemental ratios (O:C and
H:C ratios), reaction matrix and fragmentation analysis. This comprehensive approach
indicates the importance of non-condensation reactions (hydroperoxide, Criegee and
hemiactal) over the condensation (aldol and esterification) reactions for the high MW
compound (m/z > 300) formation. Among the non-condensation reactions, hemi-acetal
reactions are most dominant followed by hydrperoxide and Criegee reactions. The re-
sults indicate that most of the high MW compounds are accretions of multiple building
units which cannot be explained by a single building block approach.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/2167/2012/
acpd-12-2167-2012-supplement.zip.
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Table 1. Chemical characteristics of the compound groups observed in the mass spectra.

o:.C H:C DBE OM:0C
Compounds Range Avg. + Sd. Range Avg. £ Sd. Range Avg. +Sd. Range Avg. £ Sd.
Group | 0.3-1 0.6+0.2 1.1-2.0 1.5+£0.2 1-7 3513 1.5-24 1.9+£0.2
Group I 0.3-09 0.5x0.1 1.2-1.9 1.5+£0.2 29 53zx14 1.5-2.3 1.8+£0.2
Group Il 0.3-0.8 0.5+0.1 1.3-1.8 1.6+£0.1 4-10 7.0+£1.6 1.5-2.1 1.8+0.1
Group IV 0.3-0.6 0.5+0.1 1.4-1.7 1.6+0.1 6-11 86+1.4 1.6-2.0 1.8+0.1
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Fig. 1. CH,, O and CH,O homologous series of negative ions with >1 % relative abundance
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Fig. 2. Depiction of the potential formation mechanisms of CH, homologous series.
Alkoxy radical (I) resulting from the limonene ozonolysis which undergoes oxygen—increasing—
reactions (OIR, isomerization — O, — RO,) to become an alkoxy radical () with an additional
oxygen atom. OIR sequence repeats to form alkoxy radicals labeled IlI, IV, V and VI. The num-
ber in the parenthesis beside “OIR” indicates the repetition of OIR sequence. These alkoxy
radicals are converted to neutral molecules to form the homologous series. The schematics
in (b) show organic aerosol formation for C4,-C,, compounds by the reactive uptake of a gas

phase carbonyl (e.g., glyoxal).
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Fig. 3. lllustration depicting the formation of O homologous series. Alkoxy radical resulting from
the limonene ozonolysis could convert to alkyl radical (XI) by cleavage. Oxygen-increasing-
reactions (OIR, O, —RO, —isomerization) produce an alkyl radical (XIIl) with an additional
oxygen atom. Further OIR sequences result in alkoxy radicals labeled as XIV, XV and XVI and
XVII. They are transformed to neutral molecules by reactions with RO, and comprise the O
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Fig. 4. Double bond equivalents (DBE) versus number of carbon atoms. The color represents
the relative abundance of negative ions. Data points common between the samples with all

relative abundances are included in the plots.
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Fig. 5. (a) Depiction of the degree of oxidation for the common negative ions of the samples.
Data points have been color coded according to the logarithm of their relative abundances in
the mass spectrum. Boxplots (b, ¢) of O:C and H:C ratios are plotted with respect to the defined
groups (Group | is 140 < m/z< 300, Group Il is 300 < m/z< 500, Group Il is 500 < m/z< 700
and Group IV is 700 < m/z < 850.
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the most prominent among the isobaric peaks at m/z 587.
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