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Abstract. A method for predicting volatility and polarity was spread across 15 compounds. The data provide evi-
based on chromatographic information was developed andence for three conclusions: (1) 2D-TAG provides valuable
applied to the smog chamber ozonolysis of the sesquitervolatility and oxygenation information even in the absence of
pene longifolene. The products were collected and analyzedefinitive species identification, (2) complex particle-phase
using a GCx GC Thermal Desorption Aerosol Gas Chro- chemistry causes continued evolution of particle composi-
matograph/Mass Spectrometer (2D-TAG) and a quadrupoldion after new particles formation, and (3) minor products
Aerodyne Aerosol Mass Spectrometer (AMS). All the sec- contribute significantly to SOA from the ozonolysis of longi-
ondary organic aerosol (SOA) was produced within the firstfolene.

half hour of the experiment. However, the oxidation level of
the organic aerosol, as inferred from the fraction of mfz
44, suggested continued evolution of the SOA over the subse;  |niroduction
guent hours. Measurements of speciated organic compounds

using 2D-TAG confirm that the composition of the particles Atmospheric aerosols have been known for decades to have
changed over the course of the experiment. Nearly 200 oxdeleterious health effects (Pope and Dockery, 2006) and cli-
idation products (thought to be mostly ketones and acidsinate impacts (Intergovernmental Panel On Climate Change,
were observed with 2D-TAG, but most could not be iden- 2007). Organic compounds comprise 20—90 % of submicron
tified definitively due to a lack of standards and the absenceastmospheric aerosols (Kanakidou et al., 2005) of which a
of likely sesquiterpene oxidation products in available massdominant fraction are estimated to form through the atmo-
spectral databases. To categorize the observed products, tBgheric processing of volatile organic compounds (VOCs)
vapor pressure and oxygen-to-carbon ratio (O/C) of observeqzhang et al., 2007). Biogenic VOCs (BVOCSs), primar-
compounds were estimated based on their two-dimensionaly isoprene (GHg), monoterpenes (fgH1¢), and sesquiter-
chromatographic retention times relative to those of knownpenes (GsH,4) account for approximately 90 % of the esti-
standards, establishing a retention time correlation (RTCmated global VOC budget (Guenther et al., 1995), and more
method for using 2D-TAG to better constrain important mod- than half of all organic aerosol (OA) may come from the
elling parameters. The product distribution continuously oxidation of these BVOCs (Hallquist et al., 2009). Sig-
evolved in volatility and oxygenation during 5 h of oxidation. nificant uncertainty lies in the detailed composition of OA
Using peak area as the best available proxy for mass, we corgs well as the chemical mechanisms of oxidation and at-
clude that the product mixture includes many non-negligiblemospheric processing that turn BVOCs into secondary or-
products; the most abundant 3 compounds accounted for onlyanic aerosol (SOA). Recent findings have shown that on the
half of the total observed peak area and 80 % of peak aregrder of 100 TgC year' of sesquiterpenes may be emitted
globally, accounting for approximately 10 % of the global
VOC budget (Orm@o et al., 2010). Oxidation products of

Correspondence td5. Isaacman many BVOCs, such as sesquiterpenes, likely remain unmea-
BY (gabriel.isaacman@berkeley.edu) sured due to analytical constraints such as relatively low
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volatility and high reactivity, but must contribute to SOA
(Goldstein and Galbally, 2007). Sesquiterpenes tend to hav H,C00 + %o
much higher SOA yields (typically~70 % or higher) than
monoterpenes (mostly under 40 %) (Lee et al., 2006a, b 2
Ng et al., 2007) because of their high molecular mass anc O 7\
low-volatility and have been shown to nucleate new parti- *o” .
cle growth far more efficiently than monoterpenes (Bonn ! POZ o
and Moortgat, 2003). These findings taken together sug HoCO 4+ %
gest sesquiterpenes are likely significant precursors of O/
and warrant further study. Cl
Many smog chamber studies have focused on the prod l
ucts of sesquiterpene and monoterpene ozonolysis (Bonn ar
Moortgat, 2002, 2003; Donahue et al., 2005; Lee et al.,
2006a; Zhang et al., 2006; Donahue et al., 2007; Maksymiuk
et al.,, 2009) but due to instrument limitations, compoundFig. 1. Theoretical initial ozonolysis reaction pathway for longifo-
specific analysis of the particle phase is infrequently con-lene (1) based on work gf-pinene by Nguyen et al. (2009).
ducted. Studies that have identified individual compounds in
the particle phase (Gao et al., 2004; Jaoui et al., 2008; Surratt
etal., 2008; Claeys et al., 2009; Winterhalter et al., 2009) relythe role of SOZs in the SOA formation from BVOCs is still
on filter collection, typically limiting analysis to one sample uncertain, though direct measurements of the product mix-
per experiment. By using the GEGC Thermal Desorp- ture composition may be a valuable tool in understanding the
tion Aerosol Gas Chromatograph/Time-of-Flight Mass Spec-mechanisms.
trometer (2D-TAG) (Worton et al., 2011), this study is the An excellent and extensive modeling treatment ff
first attempt, that we know of, to understand the change inpinene ozonolysis, a monoterpene containing a bridge and a
SOA composition from a single BVOC precursor over time. single exocyclic double bond, like longifolene, can be found
Longifolene is one of the dominant sesquiterpenes emittedn Nguyen et al. (2009). The ketone formation pathway lead-
from ponderosa pine forests (Bouvier-Brown et al., 2009);ing to compound 2 in Fig. 1 is expected in 5-20 % yield in
it is also emitted in small amounts from agricultural crops the oxidationg-pinene and is therefore likely to have a simi-
(Ormého et al., 2010). Furthermore, it is a good surrogatelar yield in the longifolene system (Winterhalter et al., 2000;
compound for the study of sesquiterpene oxidation becausdyguyen et al., 2009). A similar yield of the ketone product
unlike other sesquiterpenes which contain multiple doubleis seen for the exocyclic double bond in limonene ozonolysis
bonds, it contains only a single exocyclic double bond, po-(Maksymiuk et al., 2009). This reaction pathway proceeds to
tentially simplifying the expected oxidation chemistry and generate a very complex mixture of products, with at least 7
product mixture. As an atmospherically relevant compoundstable products identified by Nguyen et al. (2009). Aumont
with a simpler reaction pathway than other sesquiterpenesgt al. (2005) estimate that a £alkane may form on the or-
ozonolysis of longifolene is employed in this work as a useful der of 13° to 10! compounds after only a few generations,
model compound for the study of sesquiterpene oxidation. though the contribution of most of these to the overall mass
Having only one reaction site for ozone, the initial step balance is likely to be negligibly small.
should be limited to formation of a primary ozonide (POZ) Owing to the complexity of VOC oxidation, models are
through addition of ozone to longifolene (labeled as speciegypically simplified by binning oxidation products based on
“1” in Fig. 1) across the double bond (Winterhalter et al., volatility in order to assess their potential in SOA formation.
2000; Atkinson and Arey, 2003; Nguyen et al., 2009). Theln the commonly used “two-product model” (Odum et al.,
POZ then splits to form either longicamphenylone (species1996), SOA yields are modeled using two surrogate com-
“2”in Fig. 1) or a Criegee Intermediate (Cl). In general, POZ pounds that reproduce the partitioning behavior of the mix-
decomposition favors the more substituted CI, suggesting théure as measured in a smog chamber, essentially separating
reaction should proceed preferentially down the lower brancha subset of the product mixture into largely gas-phase and
in Fig. 1. If stabilized, the Cl may react with a ketone to yield largely aerosol-phase products. This has recently been ex-
a variety of secondary ozonides (SOZ) — potentially includ- panded into a multi-product model that includes oligomer-
ing a dimer SOZ — that would likely contribute to the nucle- ization and uses polarity as a parameter in a addition to
ation of new particles because of the rapid decrease in volatilvolatility (Pankow and Barsanti, 2009). A similar model has
ity accompanying this increase in molecular weight (Bonn etbeen developed by Donahue et al. (2006), in which com-
al., 2002). However, the stabilization of the excited Cl com- pounds are grouped into multiple volatility bins that span
petes with unimolecular reactions and complex radical chemthe gas and condensed phases. This “volatility basis set”
istry and the branching between these available pathways is @/BS) model accounts for changes in gas-particle partition-
matter of active debate (Chuong et al., 2004). Consequentlying through multiple generations of oxidation by transferring

lstabi/ization

complex mixture of products
and rearrangements
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mass between volatility bins. Compound specific identifica-to 2D-TAG data — an instrument with fairly high time resolu-
tion is unnecessary for these models as long as the volatilitgion — allows the study of complex condensed-phase product
distribution of these compounds can be deduced. The VBSnixtures as their distribution in the volatility-polarity plane
model has recently been expanded into a two-dimensionathanges. In this work, the method developed is applied to
model (2D-VBS) that includes oxygen to carbon ratio (O/C) SOA formed from longifolene ozonolysis in a smog chamber.
as a parameter to better understand the thermodynamics arfrblarity and volatility of the products observed are placed
mixing of organic aerosol and to better constrain its atmo-qualitatively into the 2D-VBS framework as a demonstration
spheric evolution (Jimenez et al.,, 2009; Donahue et al.of the utility of the RTC method. The data are then used to
2011). This allows the thermodynamics and partitioning investigate the evolution of the products. As 2D-TAG quan-
of these complex mixtures to be modeled in the context oftitation capabilities improve, RTC may be used to quantita-
solvent-species interactions (i.e. oxygenated compounds atévely inform these models.
less likely to condense onto non-oxygenated aerosol). That
both of these frameworks — multi-product models and volatil-
ity basis sets — have recently been modified to include a po2 Experimental
larity parameter is indicative of the role that oxygenation
plays in determining partitioning and SOA formation. 2.1 Experimental set-up
The complexity of organic aerosol makes measurement of
products and processes difficult even in simpler scenariod he experiment was performed in the Carnegie Mellon Uni-
such as longifolene ozonolysis. Bulk analysis — such as withversity smog chamber using a 18 ffieflon reactor (Welch
an Aerodyne Aerosol Mass Spectrometer (AMS) — providesFluorocarbons). Longifolene (56 ppb, Fluka, puri$9 %))
the total submicron organic-aerosol mass and some inforwas added by flash vaporization. The reaction was carried
mation about average chemical properties. This yields sigout under dry conditions<10 % RH) at a constant temper-
nificant insight but often does not provide enough detail onature of 20C. The experiment was carried out in the dark
volatility distribution for use in the models described above. with polydisperse seed aerosol, generated by nebulizing 7 M
An alternate approach is to identify and measure a few use(0.9g~!) ammonium sulfate aqueous solution. An excess
ful tracer compounds that provide information about sourcesdf 0zone (1600 ppb) produced from an ozone generator
or processes. This is, in most cases, a “chromatographic agAzco HTUS00ACPS) was added one hour after the addi-
proach”, which uses liquid or gas chromatography to sepadtion of seed aerosol and was continuously monitored using an
rate and speciate complex mixtures to find and apply thes@zone analyzer (Dasibi 1008-PC). The relatively high ozone
tracers. It is the approach for which TAG and 2D-TAG were concentration was necessary because of the relatively low
designed; their high time-resolution allows for detailed anal-reactivity of the exocyclic double bond in longifolene (Shu
ysis of tracer correlation and covariance that can be used t@nd Atkinson, 1994; Atkinson and Arey, 2003). The evolu-
determine the various sources of OA (Williams et al., 2010b).tion of the resultant aerosol was continuously measured us-
However, ambient aerosol contains thousands of compound#)g @ scanning mobility particle sizer (SPMS, TSI 3936) and
so comprehensive knowledge of the composition is unattain@ quadrupole AMS (Q-AMS, Aerodyne Research Inc.). The
able. Consequently, chromatographic based techniques prédMS data were analyzed using the standard fragmentation
vide high levels of detail but not enough bulk information to and batch tables reported by Allan et al. (2004).
be useful in models. Therefore, neither the bulk approach nor Four “snapshot” samples were collected and analyzed by
the chromatographic approach can satisfy all the data need®D-TAG for condensed phase speciated organics during the
of the new modeling frameworks. experiment. TAG is a custom built in-situ gas chromato-
This work seeks to expand the chromatographic meth-graph, originally described by Williams et al. (2006); incor-
ods by empirically binning compounds based on volatility poration of GCxGC separation into TAG (2D-TAG) is de-
and polarity, even in the absence of compound identifica-scribed by Goldstein et al. (2008) and Worton et al. (2011).
tion. Chromatography is limited as to its application for Air is sampled at 9lpm and the particles are humidified
bulk analysis because of difficulties in eluting very polar and impacted onto a passivated metal surface in a custom-
compounds and thermal decomposition of some compounddesigned collection and thermal desorption cell. This cell is
(e.g., oligomers). Therefore, this work does not attempt aheated to 300C under helium flow and the sample analyzed
mass balance nor make claims on the full mass-based volatiby a gas chromatograph (Agilent 6890) coupled to an elec-
ity distribution. Nevertheless, this method provides insighttron impact (El) time-of-flight mass spectrometer (SAIl Kro-
into the complexity of these systems. nus ToF-MS). During analysis, the subsequent sample is col-
This study lays the groundwork for using a chromato- lected, allowing semi-continuous sampling that is only lim-
graphic approach to place complex atmospheric mixturesgted by the length of the chromatographic separation program
into the volatility-polarity models discussed above. This is (2 hin this work).
achieved by correlating retention time to chemical proper- The TAG sample schedule is shown in Fig. 2. TAG #1
ties. Applying this retention time correlation (RTC) method was collected 35 min after the addition of the seed aerosol
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100 ; - 60x10° most commonly volatility and polarity. This empirically

3 ‘ maps the distribution of complex mixtures across a two-
dimensional space. Consequently, it should be possible to
extract from chromatographic data the chemical properties
necessary to place compounds in any of the two-dimensional
modeling frameworks discussed above.

In order to parameterize volatility and polarity, the two-
dimensional chromatographic plane was mapped using a
| two-dimensional planar fit of O/C and volatility derived from
. E 2 2D-TAG analysis of known compounds with functionalities
o e ediing) o 0 similar to those expected from the oxidation of a sesquiter-

pene (ketones, acids, esters, etc.). Unknown compounds

Fig. 2. Wall-loss corrected aerosol mass and volume concentrationgvere then assigned an estimated value for these properties
as measured by the AMS and SMPS, respectively. based on where they fall in this two-dimensional plane. The

columns used by 2D-TAG have been optimized for the sep-

aration of atmospheric constituents — the first dimension of
and 15 min before ozone addition. The other samples (TAG2D-TAG is primarily a volatility separation (Restek Rxi-5ms)
#2, #3 and #4) were collected between 40-45, 155-170 anglhile the second dimension separates compounds primar-
295-310 min after ozone addition, respectively. The first tW0i|y by p0|arity (Restek RtX-ZOO), which is at least partia”y
samples (TAG #1 and #2) were collected for 10 and 5ming function of the O/C (Worton et al., 2011). Therefore the
(sample size 0.09fnand 0.05 M, respectively) and the lat- first and second dimension retention timeksgndz2, respec-
ter two samples (TAG #3 and #4) for 15min (sample sizetjvely), provide information on volatility and oxygenation,
0.14n7). thus providing information on chemical properties that are

Collection efficiency is very high for particles larger yseful for the modeling frameworks discussed above. This
than approximately 80 nm (Williams et al., 2006). Elution retention time correlation (RTC) method is applied here us-
through the chromatographic columns is generally limited tojng volatility and polarity separation, but a different column
compounds with an O/C of 0.30 or less, though some comset could be used that separates based on different properties,
pounds have been observed by TAG that have an O/C of upxtending the utility of this method.
to 0.6 (WI”IamS et al., 20108) Compound identification is We characterized the Chromatographic p|ane by ana|yz_
performed by comparison of collected El spectra to the Na-ing a standard mixture of 25 known compounds commonly
tional Institute of Standards and Technology Mass Spectratound in ambient aerosols, as well as 10 confidently identi-
Library. fied compounds observed in ambient data; these compounds
are listed in the supplementary information. The vapor pres-
suresyp, of these 35 aliphatic compounds with various func-
tionality and known retention times were calculated using the

Wall loss correction was performed using the extrapolationUS Environmental Protection Agency Estimation Proarams
method published by Pathak et al. (2007). Briefly, wall loss . gency Estimation =rog

. . : . Interface (EPI) Suite (US EPA, 2008), which is based on
is assumed to be the dominant factor in the change in mass

concentration at the end of the experiment, which allows g2 9roup contribution method (specifically a modified Grain

o . . method, see Lyman (1985) for more details). The calibration
wall loss rate to be empirically derived and applied through- . . "
. : ompounds include most functionalities commonly observed
out the experiment. As wall-loss rates are size dependen

(Pierce et al., 2008), the extrapolation method was applied in " atmospheric organic aerosols and were selected to span

. . . . as much of the 2D-TAG plane as possible given the suite of

two ways: (1) calculating and applying size-dependent wall - . -
? . known standards injected. Using a planar fit to these known
loss rates for each AMS and SMPS size bin, and (2) calcu- . o .
. . ; o compounds (Fig. 3a), retention times can be converted into
lating and applying a single size-independent wall loss rate, ; . )
. approximate vapor pressures for any aliphatic compound. A
However, calculations of the total mass and volume concen-; . . ;
. e . similar correlation technique has been used for decades and

trations gave similar results using these two methods, so, fo

I . > "%has been shown in previous studies to be effective within ac-
simplification, values shown are calculated using the size-

independent wall loss correction method ceptable error using only a single dimension retention time
P ' (Jensen and Schall, 1966; Hinckley et al., 1990). In this work

we are extending these ideas to include a second dimension.
3 Development of new methodology It is clear from the retention times of known compounds that
t,% is not entirely independent of vapor pressure in the 2D-
Categorizing unidentified compounds can be achievedlTAG system, highlighting the importance of including the
through comprehensive two-dimensional chromatographysecond dimension.
which provides separations based on chemical properties,
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— likely somewhat shift the dependence x#but is unlikely
[eomours: g 0 i’ = 409 KI \_2 to have a significant effect on the results described here. As

N\ N\ the use of 2D-TAG increases, more aliphatic compounds in
\ A NN NN 05 A k- this volatility range will be definitively identified and the fit
A

23
1

>

~
1

w
1

N Yo, ' shown in Fig. 3a will be better constrained.

N : Dv - 3 . a Calculated vapor pressures have been converted to effec-
\25 \ . Neo R O tive saturation concentratiorG*, which has been widely

0% & ¥ l“ ’l ¢ adopted by the atmospheric chemistry community and al-

o Y. .. i lows data to be placed in the VBS framework (Donahue et al.,

2006). TheC* of a compound is the aerosol loadingdQ

foonuss 7o} ” necessary to cause the condensation of 50 % of the mass of

the compound. It is the inverse of the partitioning coefficient,

A L 02 = K,.i, as defined by Pankow (1994), calculated as:
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' ' : o i ' where MW is the molecular weight of speciegg mol1),
Vot ¢ is an activity coefficient of specigsthat parameterizes
. i non-ideal behavior of a speciesp ; is the saturation vapor
pressure of specigs(Torr), R is the ideal gas constant, and
T is temperature (K). Because the fit will be applied to un-
3 \ known compounds, bulk values must be chosen:foand
) ) . MW;. Much of the uncertainty in this calculation comes
| from ¢;, which is not well understood and can vary by orders
of magnitude depending on speciggVilliams et al., 2010a),
so as in previous work (Donahue et al., 2006), a value of
’ i 4 1 (pseudo-ideal behavior) is selected here as an approxima-
40 tz' (mins) decreasing volatility 65 tion. For MW;, a value of 200 g moi! is commonly used and
is close to the average molecular weight for compounds ob-
ketones served by TAG (Barsanti and Pankow, 2004; Williams et al.,
acids 2010a). Though this value is likely 10—20 % lower than the
kat:ignc' flranenes) actual average molecular weight of aerosol formed by longi-
alkylnitriles folene (MW = 204 g mot?), this error is small in comparison
to uncertainty ir;;. Therefore MW =200 g mot! has been
used to be consistent with previous work. T&éfit allows
Fig. 3. (A) Effective saturation concentratiofi*-fit based on  tne partitioning, and therefore the SOA forming potential, of
known compounds. (B) O/Cfit based on known compounds. ;1 nown compounds to be inferred using 2D-TAG data.
(C) c*-it applied to TAG #3: color scale match€A) above. . . .
Filled markers are standard compounds, open markers are confi- 0/C (.:an be predicted L{SIng the Same paSIC approach. A
dently identified in ambient data. Compounds represent classes replanar fit of O/C as a function of rete.ntlon time for 32 known
evant to ambient aerosols and are listed in full in the Supplementar?OMPOUNds (compounds that contain heteroatoms other than
oxygen, specifically the three alkylnitriles, are excluded from
this fit) shows that O/C is nearly independent téf and
strongly correlates Witkﬁ in the case of aliphatic compounds
The planaw p-fit reproduces the vapor pressure of a com- (Fig. 3b). This O/C-fit allows prediction of the level of oxy-
pound within half an order of magnitude of the calculated genation based on retention times without requiring knowl-
value for known compounds, which is within the approxi- edge of the exact functionality of a given compound — po-
mate error of the group contribution methods (Pankow andentially useful information in understanding the age and
Asher, 2008; US EPA, 2008). The EPI method was selectedgources of unknown compounds.
for vapor pressure calculations as it yields a better empirical Figure 3c shows an example application of thefit to
planar fit than SIMPOL (Pankow and Asher, 2008), the groupTAG #3 using the same color scale f6F values as Fig. 3a.
contribution method used in recent VBS work (Donahue et(Figs. 3 and 8 are shown using data from TAG #3, when
al., 2011). For more information on the EPIl and SIMPOL fits most peaks have been formed but wall loss is less significant
to these compounds, see the supplementary information. Usihan in TAG #4). One challenge is that, to date, no defini-
of one vapor pressure estimation method over another wilkively identified aliphatic compounds in 2D-TAG standard or

(@]
ts? (secs) increasing polarity L;

o

HeD>»eo«

Information.
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ambient data havt—:;% values greater than 3s. Therefore, in 200+

order to apply the RTC method to all observed peaks, the
fit was linearly extrapolated to values tﬁ‘ up to 5s. This - — grgl;fanics
o4 [N e ulfate

extrapolation unavoidably increases uncertainty, but relative
standard deviation of the slope of this fit — a measure of the
uncertainty in this method — is less than 20 % and will be in-
creasingly well-constrained as identification efforts improve

Ammonium

va (MM

100

dM/dlogD,

and 2D-TAG becomes more widely applied. 50|

Applying both theC*- and O/C-fits derived fromthe stan- | /| e
dard mixture allows 2D-TAG data to be placed into the 2D- | "0 00 P
VBS. The same approach could be used for other propose RN AR : R A

Aerodymanic Diameter (nm)

two-dimensional spaces such as the ones from Pankow anu

Barsanti (2009), who propose a number of options for quan'Fig. 4. Average AMS particle size distribution during TAG #2, col-

tifying polarity that may be more precise than a simple O/C.|o¢teq 40 to 45min after the addition of ozone. These data have

Other measures of polarity can be estimated by derivingnot heen wall loss corrected in order to avoid artifacts potentially
appropriate fits t(t,%, so the RTC method can be used t0 introduced in the correction process.

place aerosol composition into any of the recently proposed
volatility-polarity planes that may form the basis of the next
generation of model frameworks. Such frameworks cannohomogenous nucleation of particles by organic compounds
yet be quantitatively applied to these data, but ozonolysisequires the rapid production of organic compounds with
of longifolene serves as a qualitative example in which ob-very low vapor pressures. However, homogenous nucleation
served peak area is used as the best available proxy for massiay be caused here by the very rapid particle growth caused
by the high concentration of ozone and may not be atmo-
spherically relevant.
4 Results and discussion
4.2 Evolution of the product mixture
4.1 Aerosol concentration and size distribution
4.2.1 Increasing oxidation level
Figure 2 shows time series of wall loss corrected AMS and
SMPS data. The high ozone concentration caused the readhough particle formation and mass growth reached comple-
tion to proceed quickly; particle formation occurred almost tion quickly, AMS data show some evidence for the contin-
entirely in the first 30 min after ozone addition (which oc- ued evolution of products. The fraction of organic aerosol
curs atr =0 in all figures). After this rapid formation, the comprised of iorm/z44 as obtained by the AMSf{4) can
wall loss corrected aerosol mass and volume concentrationse used to estimate the O/C of the aerosol (Aiken et al., 2008)
as measured by the AMS and SMPS, respectively, remained becausen/z44 comes primarily from Cg), high fa4is in-
stable for the remainder of the experiment. The ratio of or-dicative of more oxidized aerosol. Figure 5 shows the evolu-
ganics to sulfate from the AMS also remained relatively sta-tion of f44 throughout the period of the experiment for which
ble after this initial formation, supporting the conclusion that AMS data are available. When particle formation begjfag,
organic particle formation has ceased. All particle formationis high due to the partitioning into the particle phase of highly
therefore occurred before TAG #2 was collected and aerosobxygenated, and therefore less volatile, compounds (Kroll
mass, once corrected for wall loss, remained unchanged duand Seinfeld, 2008). As aerosol loading increasis,de-
ing the subsequent TAG samples (TAG #3 and #4). This alcreases because more volatile, less oxygenated compounds
lows us to study the evolution of particle composition over partition into the particle phase (Odum et al., 1996; Donahue
approximately five hours. et al., 2006). Although production of new particle mass ap-
The size distribution of the aerosol is bimodal and re- pears to stop after 30 minutef, increases throughout the
mained largely unchanged after particle formation ends. Theexperiment. Particles are lost to the walls as the experiment
size distribution during TAG #2 is shown in Fig. 4 without progresses but are thought to continue to participate in parti-
correcting for wall loss to avoid potential size dependent ar-tioning (Weitkamp et al., 2007), so this slow but continuous
tifacts of the wall loss correction process. The peak in theincrease infaq is unlikely to be entirely an artifact of parti-
size distribution at 200-300 nm is expected as organic comtioning, indicating a slow increase in particle oxidation level.
pounds condense onto the ammonium sulfate seed aerosdistimated O/C increases from 0.24 about 20 min after ozone
which is mostly in that size range (red and yellow dashedwas added to O/C of 0.30 after three hours of 0zone exposure.
lines in Fig. 4). However, the prominent peak at smaller di- This increase in oxygenation suggests either heteroge-
ameters (centered at 90 nm) — where there is no seed aerosotous processing or complex partitioning-oxidation interac-
— indicates substantial particle nucleation and growth. Thistions where semi-volatile particle-phase products evaporate,
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Fig. 5. Percentage of organic aerosol comprisednst 44 (f44)
over the course of the longifolene ozonolysis. O/C is estimated fro
this value using the correlation reported by Aiken et al. (2008).

1 longifolene

oxidize in the gas-phase, and re-condense. Although the corf
tinued oxidation of the condensed phase is common in smo
chamber experiments, the oxidant in this case is unclear — th
oxidation products of longifolene are not expected to haveg
double bonds that would react with ozone. However, dusg
to the absence of an OH scrubber and the presence of sm4
amounts of water vapor in the chamber, it is possible thalgy
some hydroxyl radical chemistry occurs, creating a complex{§
chemical mixture that may continue to oxidize through hy-
dration and/or dehydration reactions. These reaction pat 1 P 1 ¢ W
ways are speculative, but the continued increasgirsug- e n ‘ :

gests the presence of complex oxidation chemistry, & conclurig. 6. GC x GC chromatograms and the number of peaks in each
sion supported by increasing complexity and oxygenation ofc* bin in samplegA) TAG #2; (B) TAG #3; and(C) TAG #4. The

I TAGH
49

longifolene:

2D-TAG samples throughout the experiment. x- and y-axes are}i, (volatility separation) andl% (polarity separa-
tion), respectively, and have the same scale as Fig. 3 (approximately
4.2.2 Continued functionalization and increasing 40 to 65min fort,le and 0to 5s forr,%). Color indicates detector
complexity response (total ion chromatogram) in arbitrary units (blue is low-

est, red is highest). Circled Region 1 (solid line) contains less oxy-
Though TAG #2 was collected immediately following par- genated, more volatile compounds while peaks in Regions 2 (dotted
ticle formation, and TAG #3 and #4 were collected later in line) and 3 (dashed line) are thought to be more oxygenated, less
the experiment, wall loss corrected aerosol Concentrationé’OIat"e compounds and are di_scussed in de_tgil in_St_acti(_)n 3.2 of this
were stable across all three samples (Fig. 2). Owing to thdSXt: Number of compounds in eadlt volatility bin is given on
relatively low O/C of the product mixture<(0.30), most the right along with the total number of observed peaks. Aerosol
of the particle-phase product should elute through the TAG
columns.

Only three likely products of longifolene oxidation are in-
cluded in available mass spectral libraries, so the vast majorcompounds not collected by 2D-TAG, making the number of
ity of the observed peaks could not be specifically identified.Peaks in this bin unknown. In TAG #2, immediately follow-

It was therefore useful to apply the RTC method to catego-ing particle formation, 78 peaks are observed. This increases
rize and understand the chemical properties of these uniderf® 146 peaks in TAG #3 and 164 peaks in TAG #4. The prod-
tified products. Theo*- and O/C-fits described above were Uct longicamphenylone (Fig. 1, compound 2), could not be
applied to TAG #2, TAG #3, and TAG #4 to provide insight definitively identified though longifolenaldehyde is thought
into the chemical and volatility evolution of the condensed to have been identified.

phase mixture produced through ozonolysis of longifolene.  While the number of peaks grows in every volatility bin

The number of peaks in each volatility bin, as well as the between these samples, the overall peak distribution shifts
accompanying chromatograms for each snapshot are showmoward less volatile bins over the course of the experiment.
in Fig. 6. Any peak in the most volatil€* bin (10° pg n3) For example, in the first sample, TAG #2, most of the prod-
has been neglected because this volatility bin would includeucts — including the peak thought be longifolenaldehyde —

mass concentration is shown as the line ghC
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are in the more volatile, less polar Region 1 (Fig. 6, solid cir- . e Percent total peak area

cle). Based on their location in the two-dimensional plane, 0-30 ) ' © . °§1%:

these compounds are likely to be the result of single oxyger i R 1 e
- 0.20 ° ®

addition such as ketones or aldehydes. There are a few larc | ® e e . mee ‘e 0@

peaks, however, in the low volatility, oxygenated Region 3 ¢ ¢ R ’ ' Tiege e

(Fig. 6, dashed circle) that may be the products responsibli 1) TAG #2 e | .

for homogenous nucleation. Regions 2 (Fig. 6, dotted cir-

. . . . . .
cle) and 3 in this early sample contain relatively few peaks. 0.30 & "’ >
However, as the experiment progresses, the number of peal , 020_‘ ’ ': T . ...-"” .
in these regions increases significantly, indicating an aerosc® | e w . h: L P
of increasing complexity and increasing oxygenation; peaks .10 - ‘e C T e ""‘;t' .
in these regions are likely to be products of the addition of 1B) TAG #3 ) S
multiple oxygen atoms, potentially multi-functional acids or >
. . . . _| Yo}
esters formed through multiple generations of oxidation. In  0-30 -0 ' . K
. . . 1 Y 20r~ AR
addition to a few large peaks, Regions 2 and 3 contain man) 020 s PR .
small peaks that account for only 10-20 % of the aggregate | -® e .:‘..', Y JRTTIED
total peak area because the exponential increase in the nur  0.10 1 ‘e * o, TR . oo
ber of potential products with each generation distributes the To) TAG #4 ’ oo
mass over many compounds. It should be noted here the 900 I T l T
more oxygenated compounds typically exhibit electron im- 5 0 —_ (Lg/ms) 2 3
10

pact response factors that are an order of magnitude smaller

than those of saturated hydroce_lrbons, suggesting that_ usi_n,gg' 7. Observed peaks ifA) TAG #2, (B) TAG #3, and(C) TAG
peak area as a proxy underestimates the mass contributiogy nt into the framework of the two-dimensional volatility basis set

from these compound; the use of peak area in this work igponahue et al., 2010). O/C angt are calculated using the RTC
meant for qualitative comparison. method. Marker area is approximately proportional to percent of to-

The distribution of peaks across these regions is shown inal peak area for each individual peak. Aerosol mass concentration
the framework of the 2D-VBS in Fig. 7. A few large, low- is shown as the line at@a.
volatility peaks are observed in TAG #2 that are likely the
products responsible for homogeneous nucleation, but most
of the peaks observed in TAG #2 are in the higher volatil- within the AMS f44 O/C range of 0.24 to 0.30, and average
ity, less oxygenated region. Between TAG #2 and TAG #3,RTC O/C is only 15-25 % less than estimated by Alyk3,
the number of peaks nearly doubles, with many of thesesuggesting that O/C values calculated using the RTC method
new peaks in the regions of lower volatility and increasedare reasonable. In addition, the similarity between the av-
O/C. This increase in complexity includes the apparent for-erage O/C values estimated by both RTC (0.21 to 0.23) and
mation of a few larger peaks that each account for a fewAMS (0.24 to 0.30) supports the conclusion that 2D-TAG is
percent of the total peak area. While the higher volatility, indeed eluting a representative sample of the aerosol and can
less oxygenated region does change, peaks in this region priherefore be used to provide meaningful information about
marily shrink in relative size and most of the newly formed the bulk product mixture. Toward the end of the experiment,
peaks are negligible. The shift of the peak distribution upthe level of oxidation appears to be relatively stable; average
(higher O/C) and to the left (lower volatility) in 2D-VBS RTC O/C is unchanged and the number and distribution of
space suggests continued functionalization throughout théhe peaks does not change as dramatically between TAG #3
experiment. Fragmentation of products through gas-phasand TAG #4 as it did from TAG #2 to TAG#3, though some
chemistry likely also occurs but is expected to result mostlypeaks may have dropped below detection limits as a major-
in products too volatile to be collected by TAG, and as suchity of aerosol has been lost to the walls by the end of the
were not measured by this instrument. experiment.

Average O/C based on peak area increases from 0.21 to Though many of the observed peaks are small, the ag-
0.23 from TAG #2 to TAG #3. This increase in average O/C gregated area of minor peaks accounts for a non-negligible
and the accompanying shift in peak distribution is consis-fraction of the total observed peak area. The number of
tent with the trend suggested by the evolution of AMG observed compounds necessary to understand the detected
shown in Fig. 5: that oxidation and aging continue during theproduct mixture (Fig. 8 — shown using TAG#3) is approxi-
period of stable aerosol concentration. Average O/C calcumately logarithmic, with 3 peaks accounting for 50 % of to-
lated using the RTC method is expected to be lower than thatal peak area and 15 peaks accounting for 80 % of total peak
determined using AMS44 because of low response factors area. In other words, while 12 peaks are minor — on average
to oxygenated compounds. However, approximately half ofeach accounting for less the 3 % of total peak area — together
the peak area as well as the largest peaks in all samples falhey account for nearly a third of observed peak area. Peak
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area can be thought of as a proxy for mass that eluted throug™ ;|
the column (i.e. Ozel et al., 2010), but it is an imperfect mea- &
sure as discussed above. Nevertheless, Fig. 8 suggests tt W iess volatiie .'F
the product mixture contains many significant products andg °*77 = =

; ; ; " i
likely cannot be well-described with only one or two com-  moevolatie g

pounds. The number of major peaks observed here is approys o6 [
imately of the same order as the number of first and secon:

generation products predicted by Nguyen et al. (2009). u

0.4

Cumulative fraction of peak are

0.2+
5 Summary and conclusions

0.0 4
A retention time correlation (RTC) method was developed J SRR R R IN
to estimateC* volatility and degree of oxygenation (O/C) of Numer of compolirds
complex mixtures from first and second dimension retention_ ) )
times obtained from the 2D-TAG. This method was applied Elg. 8. Number of compounds required to account for a given frac-
. . . tion of total peak area. Data from the TAG #3 sample. Marker area
to the ozonolysis of longifolene performed in a smog cham-. . . - R
. . : is approximately proportional to volatility for each individual peak.
ber in the presence of 1600 ppb ozone. In this experiment,
O/C values estimated from AM$4 never exceed 0.30 and
are in similar to those calculated using RTC, suggesting that
2D-TAG collected a representative sample of the aerosol andit as well as volatility-fit, this work allows more realistic
can therefore be used in conjunction with the AMS to pro- modeling of aerosol formation using either a multi-product
vide some understanding of chemical evolution. model or the 2D-VBS framework. Currently this method is
AMS and SMPS data show that under the conditions oflimited to systems with levels of oxygenation lower than is
these experiments, particle formation proceeded by fast, hoobserved in most ambient environments, such as sesquiter-
mogenous nucleation followed by slow continuous oxidationPene or monoterpene smog chamber ozonolysis; chamber ex-
of the partic]e phase organiCS, with no further increase inperiments generate aerosol with levels of oxidation similar to
aerosol mass or volume concentration after 30 min of ozonols€mi-volatility oxygenated organic aerosol (SV-OOA), while
ysis. The continued oxidation inferred from AM&4 sug- ~ Mmore oxygenated low-volatility OOA (LV-OOA) is observed
gests that atmospheric processing is more complex than sinf0 be a significant factor in ambient aerosol (Jimenez et al.,
ple condensation of oxidized VOCs; either particle-phase 0x2009). The study of this transition from SV-OOA to LV-OOA
idation occurs or compounds partition in and out of the parti-is consequently difficultin laboratory settings. However, 2D-
cle phase while undergoing oxidation. Samples collected bylAG is useful for studying the first few generations of VOC
2D-TAG during the experiment show an increase in the num-oxidation and the subsequent evolution of the OA, provid-
ber of less volatile, more oxygenated products with time, fur-ing an opportunity to understand the aging and processing
ther supporting the conclusion that continued oxidation is notof SV-OOA. Analysis using the RTC method and 2D-TAG
limited to simple gas phase chemistry. Because of the diffi-can therefore be used to inform models and improve under-
culty in definitively identifying most compounds, as well as standing of the SV-OOA to LV-OOA transition. Future work
the complexity of the potential chemistry, the possible path-expanding the O/C range of gas chromatography through use
ways for this continued oxidation are unknown, but the in- Of derivatizing agents may also broaden the applicability of
crease infas, corroborated by increases in O/C observed bythis method for use on LV-OOA and ambient systems.
2D-TAG suggest it is a real phenomenon that warrants fur- The RTC method does not yet work well for a mixture of
ther study. aromatic and aliphatic compounds. Aromatic compounds are
Nearly 200 peaks were observed by 2D-TAG, a small frac-retained longer in the second dimension than aliphatic com-
tion of the number of potential products generated by com-pounds of similar calculated volatility and O/C (Worton et
prehensive models (Aumont et al., 2005). The product mix-al., 2011) and therefore exhibit a different dependenc%on
ture contained many non-negligible products (between 3 andnh these fits. This necessitates a different planar fit for each
15). The major expected product of this reaction, longicam-class of compounds; in order to properly apply this method,
phenylone was not observed in the product mixture, thougtthe user must know whether a compound is aliphatic or aro-
longifolenaldehyde was. matic and use the appropriate calculated fit. While this is
Studying the evolution of the products in the volatility- easily tractable in the case study examined here (controlled
polarity plane allows SOA precursors to be categorized noBBVOC oxidation in the absence of any aromatic compounds),
only by SOA yield, as is now common practice, but also by it does complicate the application of this method to ambi-
the product mixture volatility distribution. By using an O/C- ent data. However, as El spectra tend to have very different
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character for aromatic and aliphatic compounds, it is likely Bonn, B. and Moorgat, G. K.: New particle formation duriag
possible to extend the method described here to a variety of andg-pinene oxidation by @ OH and N@, and the influence

systems — even complex ambient aerosol — by including some of water vapour: particle size distribution studies, Atmos. Chem.
mass spectral information. Phys., 2, 183-19@J0i:10.5194/acp-2-183-2002002.

Bonn, B. and Moortgat, G. K.: Sesquiterpene ozonolysis: Origin of
atmospheric new particle formation from biogenic hydrocarbons,
Geophys. Res. Lett., 30, 1585l0i:10.1029/2003GL017000

The bimodal size distribution of the aerosol warrants fur-
ther study as it may be due to the formation of SOZs. These
compounds would likely be too thermally unstable to be ob-

served by thermal desorption FOUpled t9 gas ChromaFOQraBonn, B.., Schuster, G., and Moortgat, G. K.: Influence of Water Va-
phy, so its presence can be neither confirmed nor denied by oy on the Process of New Particle Formation during Monoter-

this study, but these data suggest a further need for novel pene Ozonolysis, J. Phys. Chem. A, 106, 2869—2881, 2002.
methods of direct measurements such as those employed ®ouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster,

this study. Direct measurements of these low volatility first W. C., and de Gouw, J. A.: In-situ ambient quantification
generation products would greatly improve understanding of of monoterpenes, sesquiterpenes, and related oxygenated com-

nucleation in remote forested environments. pounds during BEARPEX 2007: implications for gas- and
particle-phase chemistry, Atmos. Chem. Phys., 9, 5505-5518,
Supplementary material related to this doi:10.5194/acp-9-5505-2002009.

Chuong, B., Zhang, J., and Donahue, N. M.: Cycloalkene ozonoly-
sis: collisionally mediated mechanistic branching, J. Am. Chem.
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