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Abstract

A method for predicting volatility and polarity based on chromatographic information
was developed and applied to the smog chamber ozonolysis of the sesquiterpene
longifolene. The products were collected and analyzed using a GC×GC Thermal Des-
orption Aerosol Gas Chromatograph/Mass Spectrometer (2D-TAG) and a quadrupole5

Aerodyne Aerosol Mass Spectrometer (AMS). All the secondary organic aerosol (SOA)
was produced within the first half hour of the experiment. However, the oxidation level
of the organic aerosol, as inferred from the fraction of ion m/z 44, suggested continued
evolution of the SOA over the subsequent hours. Measurements of speciated organic
compounds using 2D-TAG confirm that the composition of the particles changed over10

the course of the experiment. Nearly 200 oxidation products (thought to be mostly ke-
tones and acids) were observed with 2D-TAG, but most could not be identified defini-
tively due to a lack of standards and the absence of likely sesquiterpene oxidation
products in available mass spectral databases. To categorize the observed products,
the vapor pressure and oxygen-to-carbon ratio (O/C) of observed compounds were es-15

timated based on their multi-dimensional chromatographic retention times relative to
those of known standards, establishing a retention time correlation (RTC) method for
using 2D-TAG to better constrain important modelling parameters. The product distri-
bution continuously evolved in volatility and oxygenation during 5 h of oxidation. Using
peak area as the best available proxy for mass, we conclude that the product mixture20

includes many non-negligible products; the most abundant 3 compounds accounted for
only half of the total observed peak area and 80% of peak area was spread across 15
compounds. The data provide evidence for three conclusions: (1) 2D-TAG can provide
valuable volatility and oxygenation information even in the absence of definitive species
identification, (2) complex particle-phase chemistry causes continued evolution of par-25

ticle composition after formation of new particles was complete, and (3) minor products
contribute significantly to SOA from the ozonolysis of sesquiterpenes.
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1 Introduction

Atmospheric aerosols have been known for decades to have deleterious health ef-
fects (Pope and Dockery, 2006) and climate impacts (Intergovernmental Panel On
Climate Change 2007). Organic compounds comprise 20–90% of submicron atmo-
spheric aerosols (Kanakidou et al., 2005) of which a dominant fraction are estimated5

to form through the atmospheric processing of volatile organic compounds (VOCs)
(Zhang et al., 2007). Biogenic VOCs (BVOCs), primarily isoprene (C5H8), monoter-
penes (C10H16), and sesquiterpenes (C15H24) account for approximately 90% of the
estimated global VOC budget (Guenther et al., 1995) and more than half of all organic
aerosol (OA) may come from the oxidation of these BVOCs (Hallquist et al., 2009).10

Significant uncertainty lies in the detailed composition of OA as well as the chemical
mechanisms of oxidation and atmospheric processing that turn BVOCs into secondary
organic aerosol (SOA). Recent findings have shown that on the order of 100 TgC/year
of sesquiterpenes may be emitted globally, accounting for approximately 10% of the
global VOC budget (Ormeño et al., 2010). Oxidation products of many BVOCs, such15

as sesquiterpenes, likely remain unmeasured due to analytical constraints such as rel-
atively low volatility and high reactivity, but must contribute to SOA (Goldstein and Gal-
bally 2007). Sesquiterpenes tend to have much higher SOA yields (typically ∼70% or
higher) than monoterpenes (mostly under 40%) (Lee et al., 2006a, b; Ng et al., 2007)
because of their high molecular mass and low-volatility. In addition, sesquiterpenes20

have been shown to nucleate new particle growth far more efficiently than monoter-
penes (Bonn and Moortgat, 2003). These findings taken together suggest sesquiter-
penes are likely significant precursors of OA and warrant further study.

Many smog chamber studies have focused on the products of sesquiterpene and
monoterpene ozonolysis (for example Bonn and Moortgat, 2002, 2003; Donahue et25

al., 2005; Lee et al., 2006a; Zhang et al., 2006; Donahue et al., 2007; Maksymiuk et
al., 2009) but due to instrument limitations, compound specific analysis of the particle
phase is infrequently conducted. Studies that have identified individual compounds in
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the particle phase (Gao et al., 2004; Jaoui et al., 2008; Surratt et al., 2008; Claeys et
al., 2009; Winterhalter et al., 2009) rely on filter collection in the using chamber, typi-
cally limiting analysis to one sample per experiment. By using the GC×GC Thermal
Desorption Aerosol Gas Chromatograph/Time-of-Flight Mass Spectrometer (2D-TAG)
(Worton et al., 2010), this study is the first attempt, that we know of, to understand the5

change in biogenic SOA particle speciated organic composition over time from a single
BVOC precursor.

Longifolene is one of the dominant sesquiterpenes emitted from ponderosa pine
forests (Bouvier-Brown et al., 2009); it is also emitted in small amounts from agricul-
tural crops (Ormeño et al., 2010). Furthermore, it is a good surrogate compound for10

the study of sesquiterpene oxidation because, unlike other sesquiterpenes which con-
tain multiple double bonds, it contains only a single exocyclic double bond, simplifying
the expected oxidation chemistry and product mixture. As an atmospherically rele-
vant compound with a simpler reaction pathway than other sesquiterpenes, ozonolysis
of longifolene is employed in this work as a useful model compound for the study of15

sesquiterpene oxidation.
Having only one reaction site for ozone, the initial step should be limited to formation

of a primary ozonide (POZ) through addition of ozone to longifolene (labeled as species
“1” in Fig. 1) across the double bond (Winterhalter et al., 2000; Atkinson and Arey 2003;
Nguyen et al., 2009). The POZ then splits to form either longicamphenylone (species20

“2” in Fig. 1) or a Criegee Intermediate (CI). In general, POZ decomposition favors
the more substituted CI, suggesting the reaction should proceed preferentially down
the lower branch in Fig. 1. If stabilized, the CI may react with a ketone to yield a
variety of secondary ozonides (SOZ) – potentially including a dimer SOZ – that would
likely contribute to the nucleation of new particles because of the rapid decrease in25

volatility accompanying this increase in molecular weight (Bonn et al., 2002). However,
the stabilization of the excited CI competes with unimolecular reactions and complex
radical chemistry and the branching between these available pathways is a matter
of active debate (Chuong et al., 2004). Consequently, the role of SOZs in the SOA
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formation from BVOCs is still uncertain, though direct measurements of the product
mixture composition may be a valuable tool in understanding the mechanisms.

An excellent and extensive modeling treatment of β-pinene ozonolysis, a monoter-
pene containing a bridge and a single exocyclic double bond, like longifolene, can be
found in Nguyen et al. (2009). The ketone formation pathway leading to compound “2”5

in Fig. 1 is expected in 5–20% yield in the oxidation β-pinene and is therefore likely
to have a similar yield in the longifolene system (Winterhalter et al., 2000; Nguyen et
al., 2009). A similar yield of the ketone product is seen for the exocyclic double bond
in limonene ozonolysis (Maksymiuk et al., 2009). This reaction pathway proceeds to
generate a very complex mixture of products, with at least 7 stable products identified10

by Nguyen et al. (2009). Aumont et al. (2005) estimate that a C15 alkane may even
form on the order of 1010 to 1011 compounds after only a few generations, though the
contribution of most of these to the overall mass balance is likely to be negligibly small.

Owing to the complexity of VOC oxidation, models are typically simplified by binning
oxidation products based on volatility in order to assess their potential SOA formation.15

In the commonly used “two-product model” (Odum et al., 1996), SOA yields are mod-
eled using two surrogate compounds that reproduce the partitioning behavior of the
mixture as measured in a smog chamber; essentially separating a subset of the prod-
uct mixture into largely gas-phase and largely aerosol-phase products. This has re-
cently been expanded into a five-product model that includes oligomerization and uses20

polarity as a parameter as well (Pankow and Barsanti, 2009). A more general model
has been developed by Donahue et al. (2006), in which compounds are grouped into
multiple volatility bins that span the gas and condensed phases. This “volatility ba-
sis set” (VBS) model accounts for changes in gas-particle partitioning through multiple
generations of oxidation by transferring mass between volatility bins. Compound spe-25

cific identification is unnecessary for these models as long as the volatility distribution
of these compounds can be deduced. The VBS model has recently been expanded
into a two-dimensional model (2D-VBS) that includes oxygen to carbon ratio (O/C) as
a parameter to better understand the thermodynamics and mixing of organic aerosol
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and to better contrain its atmospheric evolution (Jimenez et al., 2009; Donahue et al.,
2010). This allows the thermodynamics and partitioning of these complex mixtures to
be modeled in the context of solvent-species interactions (i.e. oxygenated compounds
are less likely to condense onto non-oxygenated aerosol). That both of these frame-
works – multi-product models and volatility basis sets – have recently been modified5

to include a functionality parameter is indicative of the role that oxygenation plays in
determining partitioning and SOA formation.

The complexity of organic aerosol makes measurement of products and processes
difficult even in simpler scenarios such as longifolene ozonolysis. Bulk analysis – such
as with an Aerodyne Aerosol Mass Spectrometer (AMS) – provides the total organic-10

aerosol mass and some information about average chemical properties. This yields
significant insight but often does not provide enough detail on volatility distribution for
use in the models described above. An alternate approach is to identify and measure a
few useful tracer compounds that provide information about sources or processes. This
is, in most cases, a “chromatographic approach”, which uses liquid or gas chromatog-15

raphy to separate and speciate complex mixtures to find and apply these tracers. It is
the approach for which TAG and 2D-TAG (and filter sampling) were designed. However,
ambient aerosol contains thousands of compounds, so comprehensive knowledge of
the composition is unattainable. Consequently, chromatographic based techniques
provide high levels of detail but not enough bulk information to be useful in models.20

Therefore, neither the bulk approach nor the chromatographic approach can satisfy all
the data needs of the new modeling frameworks.

This work seeks to expand the chromatographic methods by empirically binning com-
pounds based on volatility and polarity, even in the absence of compound identification.
Chromatography is limited as to its application for bulk analysis because of difficulties25

in eluting very polar compounds and thermal decomposition of some compounds (e.g.,
oligomers). Therefore, this work does not attempt a mass balance nor make claims on
the full mass-based volatility distribution. Nevertheless, this method provides insight
into the complexity of these systems.
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This study lays the groundwork for using a chromatographic approach to place com-
plex atmospheric mixtures into the volatility-polarity models discussed above. This is
achieved by correlating retention time to chemical properties. Applying this retention
time correlation (RTC) method to 2D-TAG data – an instrument with fairly high time
resolution – allows the study of complex condensed-phase product mixtures as their5

distribution in the volatility-polarity plane changes. In this work, the method developed
is applied to SOA formed from longifolene ozonolysis in a smog chamber. Polarity and
volatility of the observed products are placed qualitatively into the 2D-VBS framework
as a demonstration of the utility of the RTC method. The data are then used to inves-
tigate the evolution of the products. As 2D-TAG quantitation capabilities improve, RTC10

may be used to quantitatively inform these models.

2 Experimental

2.1 Experimental set-up

The experiment was performed in the Carnegie Mellon University smog chamber us-
ing a 10 m3 Teflon reactor (Welch Fluorocarbons). Longifolene (56 ppb, Fluka, purity15

≥99%) was added by flash vaporization. The reaction was carried out under dry condi-
tions (<10%RH) at a constant temperature of 20 ◦C. The experiment was carried out in
the dark with polydisperse seed aerosol, generated by nebulizing 7 mM (0.9 g/L) am-
monium sulfate aqueous solution. An excess of ozone (∼1600 ppb) produced from an
ozone generator (Azco HTU500ACPS) was added one hour after the addition of seed20

aerosol and was continuously monitored using an ozone analyzer (Dasibi 1008-PC).
The relatively high ozone concentration was necessary because of the relatively low re-
activity of the exocyclic double bond in longifolene (Shu and Atkinson, 1994; Atkinson
and Arey, 2003). The evolution of the resultant aerosol was continuously measured
using a scanning mobility particle sizer (SPMS, TSI 3936) and a Q-AMS (Aerodyne25

Research Inc.). The AMS data were analyzed using the standard fragmentations and
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batch tables reported by Allan et al. (2004).
Four “snapshot” samples were collected and analyzed by 2D-TAG for condensed

phase speciated organics during the experiment, in which a Thermal Desorption
Aerosol Gas Chromatograph/Mass Spectrometer (TAG) instrument was coupled to
multi-dimensional (GC×GC) chromatography. TAG is a custom built in situ gas chro-5

matograph, originally described by Williams et al. (2006); incorporation of GCxGC
separation into TAG (2D-TAG) is described by Goldstein et al. (2008) and Worton et
al. (2010). Air is sampled at 9 lpm and the particles are humidified and impacted onto
a passivated metal surface in a custom-designed collection and thermal desorption
cell. This cell is heated to 300 ◦C under helium flow and the sample analyzed by10

a gas chromatograph (Agilent 6890) coupled to an electron impact (EI) time-of-flight
mass spectrometer (SAI Kronus ToF-MS). During analysis, the subsequent sample is
collected, allowing semi-continuous sampling that is only limited by the length of the
chromatographic separation program (2 h in this work).

The first two samples (TAG #1 and #2) were collected for 10 and 5 min (sample size15

0.09 m3 and 0.05 m3, respectively) and the latter two samples (TAG #3 and #4) for
15 min (sample size 0.14 m3). TAG #1 was collected 35 min after the addition of the
seed aerosol and 15 min before ozone addition. The other samples (TAG #2, #3 and
#4) were collected between 40–45, 155–170 and 295–310 min after ozone addition,
respectively.20

Collection efficiency is very high for particles larger than approximately 80 nm
(Williams et al., 2006). Elution through the chromatographic columns is generally lim-
ited to compounds with an O/C of 0.3 or less, though some compounds have been
observed by TAG that have an O/C of up to 0.6 (Williams et al., 2010). Compound
identification is performed by comparison of collected EI spectra to the National Insti-25

tute of Standards and Technology Mass Spectral Library.
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2.2 Wall loss correction of AMS and SMPS data

Wall loss correction was performed using the extrapolation method published by Pathak
et al. (2007). Briefly, wall loss is assumed to be the dominant factor in the change in
mass concentration at the end of the experiment, which allows a wall loss rate to be
empirically derived and applied throughout the experiment. As wall-loss rates are size5

dependent (Pierce et al., 2008), the extrapolation method was applied in two ways:
(1) calculating and applying size-dependent wall loss rates for each AMS and SMPS
size bin, and (2) calculating and applying a single size-independent wall loss rate.
However, calculations of the total mass and volume concentrations gave similar results
using these two methods, so for simplification, values shown are calculated using the10

size-independent wall loss correction method.

3 Development of new methodology

Categorizing unidentified compounds can be achieved through comprehensive multi-
dimensional chromatography, which provides separations based on chemical proper-
ties, most commonly volatility and polarity, thereby empirically mapping the distribu-15

tion of complex mixtures across this 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 chromatographic20

plane was mapped using a two-dimensional planar fit of O/C and volatility derived
from 2D-TAG analysis of known compounds with functionalities similar to those ex-
pected from the oxidation of a sesquiterpene (ketones, acids, esters, etc.). Unknown
compounds were then assigned an estimated value for these properties based on
where they fall in this two-dimensional plane. The columns used by 2D-TAG have25

been optimized for the separation of atmospheric constituents – the first dimension
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of 2D-TAG is primarily a volatility separation (Restek Rxi-5 ms) while the second
dimension separates compounds by primarily by polarity (Restek Rtx-200), which is
at least partially a function of the O/C (Worton et al., 2010). Therefore the first and
second dimension retention times (t1

R and t2
R , respectively), provide information on

volatility and oxygenation, thus providing information on chemical properties that are5

useful for the modeling frameworks discussed above. This retention time correlation
(RTC) method is widely applicable because a different column set could be selected
and different properties estimated from the resultant retention times.

We characterized the chromatographic plane by analyzing a standard mixture of 25
compounds commonly found in ambient aerosols, as well as 10 compounds observed10

in ambient data that can be confidently identified; these compounds are listed in the
supplementary information. The vapor pressures, vP , of these 35 aliphatic compounds
with various functionality and known retention times were calculated using the US En-
vironmental Protection Agency Estimation Programs Interface (EPI) Suite (US EPA
2008), which is based on a group contribution method (specifically a modified Grain15

method, see Lyman (1985) for more details). The calibration compounds include most
functionalities commonly observed in atmospheric organic aerosols and were selected
to span as much of the 2D-TAG plane as possible given the suite of known standards
injected. Using a planar fit to these known compounds (Fig. 2a), retention times can
be converted into approximate vapor pressures for any aliphatic compound. A simi-20

lar correlation technique has been used for decades and has been shown in previous
studies to be effective within acceptable error using only a single dimension retention
time (Jensen and Schall, 1966; Hinckley et al., 1990). In this work we are extending
these ideas to include a second dimension. It is clear from the retention times of known
compounds that t2

R is not entirely independent of vapor pressure in the 2D-TAG system,25

highlighting the importance of including the second dimension.
The planar vP -fit reproduces the vapor pressure of a compound within half an order

of magnitude of the calculated value for known compounds, which is within the ap-
proximate error of the group contribution methods (Pankow and Asher 2008; US EPA
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2008). The EPI method was selected for vapor pressure calculations as it yields a
better empirical planar fit than SIMPOL (Pankow and Asher, 2008), the group contribu-
tion method used in recent VBS work (Donahue et al., 2010). For more information on
the EPI and SIMPOL fits to these compounds, see the supplementary information. Use
of one vapor pressure estimation method over another will likely somewhat shift the de-5

pendence on t2
R but is unlikely to have a significant effect on the results described here.

As the use of 2D-TAG increases, more aliphatic compounds in this volatility range will
be definitively identified and the fit shown in Fig. 2a will be better constrained.

Calculated vapor pressures have been converted to effective saturation concentra-
tion, C∗, which has been widely adopted by the atmospheric chemistry community and10

allows data to be placed firmly in the VBS framework (Donahue et al., 2006). The C∗

of a compound is the aerosol loading (COA) necessary to cause the condensation of
50% of the mass of the compound. It is the inverse of the partitioning coefficient, Kp,i ,
as defined by Pankow (1994), calculated as:

C∗ =
1
KP

=
MW i106ζivP,i

760RT
(1)15

where MW i is the molecular weight of species i the particle (g mol−1), ζ i is an activity
coefficient of species i that parameterizes non-ideal behavior of a species, vP,i is the
saturation vapor pressure of species i (Torr), R is the ideal gas constant, and T is
temperature (K ). Because the fit will be applied to unknown compounds, bulk values
must be chosen for ζ i and MW i . Much of the uncertainty in this calculation comes20

from ζ i , which is not well understood and can vary by orders of magnitude depending
on species i (Williams et al., 2010), so as in previous work (Donahue et al., 2006), a
value of 1 (pseudo-ideal behavior) is selected here as an approximation. For MW i , a
value of 200 g mol−1 is commonly used and is close to the average molecular weight
for compounds observed by TAG (Barsanti and Pankow, 2004; Williams et al., 2010).25

Though this value is likely 10–20% lower than the actual average molecular weight of
aerosol formed by longifolene (MW =204 g mol−1), this error is small in comparison
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to uncertainty in ζ i . Therefore MW i =200 g mol−1 has been used to be consistent
with previous work. The C∗-fit allows the partitioning, and therefore the SOA forming
potential, of unknown compounds to be inferred using 2D-TAG data.

O/C can be predicted using the same basic approach. A planar fit of O/C as a func-
tion of retention time for 32 known compounds (compounds that contain heteroatoms5

other than oxygen, specifically the three alkylnitriles, are excluded from this fit) shows
that O/C is nearly independent of t1

R and strongly correlates with t2
R in the case of

aliphatic compounds (Fig. 2b). This O/C-fit allows prediction of the level of oxygenation
based on retention times without requiring knowledge of the exact functionality of a
given compound – potentially useful information in understanding the age and sources10

of unknown compounds.
Figure 2c shows an example application of the C∗-fit to TAG #3 using the same color

scale for C∗ values as Fig. 2a. (Figs. 2, 3 and 8 are shown using data from TAG #3,
when most peaks have been formed, but wall loss is less significant than in TAG #4).
One challenge is that, to date, no definitively identified aliphatic compounds in 2D-TAG15

standard or ambient data have t2
R values greater than 3 s. Therefore, in order to apply

the RTC method to all observed peaks, the fit was extrapolated to values of t2
R up to

5 s, unavoidably increasing uncertainty that, as mentioned above, will be mitigated as
identification efforts improve and 2D-TAG becomes more widely applied.

Applying both the C∗- and O/C-fits derived from the standard mixture allows the 2D-20

TAG data from the longifolene experiments to be placed into the 2D-VBS, as shown
in Fig. 3, where peaks from two TAG samples are directly mapped into the two-
dimensional space presented by Donahue et al. (2010). These examples clearly show
a distribution of peaks with higher O/C and lower volatility than the precursor, as would
be expected from the oxidation of a VOC. The same approach could be used for other25

proposed two-dimensional spaces such as the ones from Pankow and Barsanti (2009),
who propose a number of options for quantifying polarity that may be more precise than
a simple O/C. Other measures of polarity can easily be estimated by deriving appro-
priate fits to t2

R , so the RTC method can be used to place aerosol composition into a
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variety of the recently proposed volatility-polarities planes that may form the basis of
the next generation of model frameworks. Such frameworks cannot yet be quantita-
tively applied to these data, but Fig. 3 serves as a qualitative example using observed
peak areas as the best available proxy for mass.

4 Results and discussion5

4.1 Aerosol concentration and size distribution

Figure 4 shows time series of wall loss corrected AMS and SMPS data. The high
ozone concentration meant that the reaction proceeded quickly. Particle formation oc-
curred almost entirely in the first 30 min after ozone addition (which occurs at t = 0 in
all figures). After this rapid formation, the wall loss corrected aerosol mass and volume10

concentrations as measured by the AMS and SMPS, respectively, remained stable for
the remainder of the experiment. The ratio of organics to sulfate from the AMS also
remained relatively stable after this initial formation, supporting the conclusion that or-
ganic particle formation has ceased. All particle formation therefore occurred before
TAG #2 was collected and aerosol mass, once corrected for wall loss, remained un-15

changed during the subsequent TAG samples (TAG #3 and #4). This allows us to study
the evolution of particle composition and particle phase evolution over approximately
five hours.

The size distribution of the aerosol is bimodal and remained largely unchanged after
particle formation ends. The size distribution during TAG #2 is shown in Fig. 5 with-20

out correcting for wall loss to avoid potential size dependent artifacts of the wall loss
correction process. The peak in the size distribution at 200–300 nm is expected as or-
ganic compounds condense onto the ammonium sulfate seed aerosol, which is mostly
in that size range (red and yellow dashed lines in Fig. 5). However, the prominent peak
at smaller diameters (centered at 90 nm) – where there is no seed aerosol – indicates25

substantial particle nucleation and growth. This homogenous nucleation of particles
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by organic compounds requires the rapid production of organic compounds with very
low vapor pressures. However, homogenous nucleation may be caused here by the
very rapid particle growth caused by the high concentration of ozone and may not be
atmospherically relevant.

4.2 Evolution of the product mixture5

4.2.1 Increasing oxidation level

Though particle formation and mass growth reached completion quickly, AMS data
show some evidence for the continued evolution of products. The fraction of organic
aerosol comprised of ion m/z 44 as obtained by the AMS (f44) can be used to estimate
the O/C of the aerosol (Aiken et al., 2008) – because m/z 44 comes from primarily from10

CO+
2 , high f44 is indicative of more oxidized aerosol. Figure 6 shows the evolution of f44

throughout the period of the experiment for which AMS data are available. When par-
ticle formation begins, f44 is high, suggesting the early formation of highly oxygenated
compounds that condense quickly because addition of oxygen strongly decreases va-
por pressure (Kroll and Seinfeld, 2008). As aerosol loading increases, more volatile,15

less oxygenated compounds partition into the particle phase (Odum et al., 1996; Don-
ahue et al., 2006) decreasing f44. Although production of new particle mass appears to
stop after 30 min, f44 increases throughout the experiment, indicating a slow increase in
particle phase oxidation. Estimated O/C increases from 0.24 about 20 min after ozone
was added to O/C of 0.30 after three hours of ozone exposure. These values are in20

general agreement with the O/C values calculated from 2D-TAG using the RTC method
described above (shown in Fig. 3).

This increase in oxygenation suggests either heterogeneous processing or complex
partitioning-oxidation interactions where semi-volatile particle-phase products evapo-
rate, oxidize in the gas-phase, and re-condense. Although the continued oxidation of25

the condensed phase is common in smog chamber experiments, the oxidant in this
case is unclear – the oxidation products of longifolene are not expected to have double
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bonds that would react with ozone.

4.2.2 Continued functionalization and increasing complexity

As shown in Fig. 4, samples were collected for analysis by 2D-TAG at four times during
the experiment: TAG #1 before ozone addition, TAG #2 immediately following particle
formation, and TAG #3 and #4 later in the experiment when wall loss corrected aerosol5

concentrations were stable. Owing to the relatively low O/C of the product mixture
(<0.30), most of the particle-phase product should elute through the TAG columns. In
addition, the good agreement between the O/C values estimated by both RTC (Fig. 3)
and AMS (Fig. 6) supports the conclusion that 2D-TAG is indeed eluting a representa-
tive sample of the aerosol and can therefore be used to provide meaningful information10

about the bulk product mixture.
Only three likely products of longifolene oxidation are included in available mass

spectral libraries, so the vast majority of the observed peaks could not be specifically
identified. It was therefore useful to apply the RTC method to categorize and under-
stand the chemical properties of these unidentified products. The C∗- and O/C-fits15

described above were applied to TAG #2, TAG #3, and TAG #4 to provide insight into
the chemical and volatility evolution of the condensed phase mixture produced through
ozonolysis of longifolene.

The number of peaks in each volatility bin, as well as the accompanying chro-
matograms for each snapshot are shown in Fig. 7. Any peak in the most volatile C∗ bin20

(103µg/m3) has been neglected because this volatility bin would include compounds
not collected by 2D-TAG, making the number of peaks in this bin unknown. In TAG #2,
immediately following particle formation, 78 peaks are observed. This increases to 146
peaks in TAG #3 and 164 peaks in TAG #4. The product longicamphenylone (Fig. 1,
compound “2”), could not be definitively identified though longifolenaldehyde is thought25

to have been identified.
While the number of peaks grows in every volatility bin between these samples,

the overall peak distribution shifts toward less volatile bins over the course of the
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experiment. For example, in the first sample, TAG #2, most of the products – including
the peak thought be longifolenaldehyde – are in the more volatile, less polar Region 1
(Fig. 7, solid circle). Based on their location in the two-dimensional plane, these com-
pounds are likely to be the result of single or perhaps double oxygen addition, which
creates ketones or aldehydes. There are a few large peaks, however, in the low volatil-5

ity, oxygenated Region 3 (Fig. 7, dashed circle) that may be the products responsible
for homogenous nucleation. Regions 2 (Fig. 7, dotted circle) and 3 in this early sam-
ple contain relatively few peaks. However, as the experiment progresses, the number
of peaks in these regions increases significantly, indicating an aerosol of increasing
complexity. Peaks in these regions are likely to be products of the addition of multiple10

oxygen atoms, potentially multi-functional acids or esters formed through multiple gen-
erations of oxidation. It should be noted here that more oxygenated compounds typ-
ically exhibit electron impact response factors that are an order of magnitude smaller
than those of saturated hydrocarbons, suggesting that using peak area as a proxy un-
derestimates the mass contribution from these compound; the use of peak area in this15

discussion and in Fig. 3 is meant for qualitative comparison.
The distribution of peaks across these regions is shown clearly in Fig. 3, where

TAG #2 and TAG #3 are shown in the framework of the 2D-VBS. A few large, low-
volatility peaks are observed in TAG #2 that are likely the products seen in Region 3
that are responsible for homogeneous nucleation, but most of the peaks observed in20

TAG #2 are in the higher volatility, less oxygenated region. Between TAG #2 and TAG
#3, the number of peaks nearly doubles, with a majority of these new peaks in the
regions of lower volatility and increased O/C. This increase in complexity includes the
apparent formation of a few larger peaks that each account for a few percent of the total
peak area. In contrast, the higher volatility, less oxygenated region does not appear to25

change significantly. The shift of the peak distribution up (higher O/C) and to the left
(lower volatility) in 2D-VBS space suggests continued functionalization throughout the
experiment. Fragmentation of products through gas-phase chemistry likely also occurs
but is expected to result mostly in products too volatile to be collected by TAG, and as

68

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/53/2011/acpd-11-53-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/53/2011/acpd-11-53-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 53–89, 2011

Evolution of product
composition and

volatility distribution

G. Isaacman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

such were not measured by this instrument.
The change in peak distribution from TAG #2 to TAG #3 is consistent with the evo-

lution of AMS f44 shown in Fig. 5: that oxidation and aging continue during the period
of stable aerosol concentration. Toward the end of the experiment, the level of oxida-
tion appears to be relatively stable; the number and distribution of the peaks does not5

change as dramatically between TAG #3 and TAG #4 (not shown in Fig. 3) as it did
from TAG #2 to TAG #3, though some peaks may have dropped below detection limits
as a majority of aerosol has been lost to the walls by the end of the experiment.

Though many of the observed peaks are small, the aggregated area of minor peaks
accounts for a non-negligible fraction of the total observed peak area. The number of10

observed compounds necessary to understand the detected product mixture (Fig. 8 –
shown using TAG #3) is approximately logarithmic, with 3 peaks accounting for 50% of
total peak area and 15 peaks accounting for 80% of total peak area. Peak area can be
thought of as a proxy for mass that eluted through the column (i.e. Ozel et al., 2010),
but it is an imperfect measure as discussed above. Nevertheless, Fig. 8 suggests15

that the product mixture contains many significant products and likely cannot be well-
described with only one or two compounds. The number of major peaks observed
here is approximately of the same order as the number of first and second generation
products predicted by Nguyen et al. (2009).

5 Summary and conclusions20

A retention time correlation (RTC) method was developed to estimate C∗ volatility and
degree of oxygenation (O/C) of complex mixtures from first and second dimension
retention times obtained from the 2D-TAG. This method was applied to the ozonolysis
of longifolene performed in a smog chamber in the presence of 1600 ppb ozone. In
this experiment, O/C values estimated from AMS f44 never exceed 0.30 and are in25

good agreement with those calculated using RTC, suggesting that 2D-TAG collected a
representative sample of the aerosol and can therefore be used in conjunction with the
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AMS to provide some understanding of chemical evolution.
AMS and SMPS data show that under the conditions of these experiments, parti-

cle formation proceeded by fast, homogenous nucleation followed by slow continuous
oxidation of the particle phase organics, with no further increase in aerosol mass or
volume concentration after 30 min of ozonolysis. The continued oxidation inferred from5

AMS f44 suggests that atmospheric processing is more complex than simple conden-
sation of oxidized VOCs; either particle-phase oxidation occurs or compounds partition
in and out of the particle phase while undergoing oxidation. Samples collected by
2D-TAG during the experiment show an increase in the number of less volatile, more
oxygenated products with time, further supporting the conclusion that continued oxida-10

tion is not limited to simple gas phase chemistry. Nearly 200 peaks were observed by
2D-TAG, a small fraction of the number of potential products generated by comprehen-
sive models (Aumont et al., 2005). The product mixture contained many non-negligible
products (3 to 15). The major expected product of this reaction, longicamphenylone
was not observed in the product mixture, though longifolenaldehyde was.15

Studying the evolution of the products in the volatility-polarity plane allows SOA pre-
cursors to be categorized not only by SOA yield, as is now common practice, but also by
the product mixture volatility distribution. By using an O/C-fit as well as volatility-fit, this
work allows more realistic modeling of aerosol formation using either a multi-product
model or the 2D-VBS framework.20

The RTC method does not yet work well for a mixture of aromatic and aliphatic
compounds. Aromatic compounds are retained longer in the second dimension than
aliphatic compounds of similar calculated volatility and O/C (Worton et al., 2010) and
therefore exhibit a different dependence on t2

R in these fits. This necessitates a different
planar fit for each class of compounds; in order to properly apply this method, the25

user must know whether a compound is aliphatic or aromatic and use the appropriate
calculated fit. While this is easily tractable in the case study examined here (controlled
BVOC oxidation in the absence of any aromatic compounds), it does complicate the
application of this method to ambient data. However, as EI spectra tend to have very
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different characters for aromatic and aliphatic compounds, it is likely possible to extend
the method described here to a variety of systems – even complex ambient aerosol – by
including some mass spectral information. Future work expanding the O/C range of gas
chromatography through use of derivatizing agents may also broaden the applicability
of this method.5

The bimodal size distribution of the aerosol warrants further study as it may be due to
the formation of SOZs. These compounds would likely be too thermally unstable to be
observed by thermal desorption coupled to gas chromatography, so its presence can
be neither confirmed nor denied by this study, but these data suggest a further need
for novel methods of direct measurements such as those employed in this study. Direct10

measurements of these low volatility first generation products would greatly improve
understanding of nucleation in remote forested environments.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/53/2011/
acpd-11-53-2011-supplement.zip.15
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Fig. 1. Theoretical initial ozonolysis reaction pathway for longifolene (1) based on work on
β-pinene by Nguyen et al. (2009).
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Fig. 2a. (a) Effective saturation concentration C∗-fit based on known compounds. (b) O/C-fit
based on known compounds. (c) C∗-fit applied to TAG #3: color scale matches (a) above. See
Sect. 3.2.1 of this text for further discussion of all three figures. Filled markers are standard
compounds, open markers are confidently identified in ambient data.
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Fig. 2b. Continued.
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Fig. 2c. Continued.
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Fig. 3. TAG #2 and #3 observed peaks put into the framework of the two-dimensional volatility
basis set (Donahue et al., 2010). Marker area is approximately proportional to percent of total
peak area for each individual peak. Aerosol mass concentration is shown as the line at COA.
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Fig. 4. Wall-loss corrected aerosol mass and volume concentrations as measured by the AMS
and SMPS, respectively.
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Fig. 5. Average AMS particle size distribution during TAG #2, collected 40 to 45 min after the
addition of ozone. These data have not been wall loss corrected in order to avoid artifacts
potentially introduced in the correction process.
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Fig. 6. Percentage of organic aerosol comprised of m/z 44 (f44). O/C is estimated from this
value using the correlation reported by Aiken et al. (2008).
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Fig. 7a. GC×GC chromatograms and the number of peaks in each C∗ bin in samples (a) TAG
#2; (b) TAG #3; and (c) TAG #4. Circled Regions 1 (solid line), 2 (dotted line) , and 3 (dashed
line) are discussed in Sect. 3.2 of this text.
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Fig. 7b. Continued.
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Fig. 7c. Continued.
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Fig. 8. Number of compounds required to account for a given fraction of total peak area. Data
from the TAG #3 sample.
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