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Organic aerosol (OA) comprises a major fraction of the atmospheric sub-micron
aerosol burden (Zhang et al., 2007; Jimenez et al., 2009), and the dominant portion
of OA is formed from condensation of oxidation products of gas-phase reactions of
volatile organic compounds, termed secondary organic aerosol (SOA). The extent to
which a given parent organic compound forms SOA depends on a variety of factors,
including the carbon chain length, structure and reactivity, as well as external factors
such as temperature, the abundance of NOx (= NO + NO2 ) and the identity of the oxidant (OH, O3 , NO3 ) (Kanakidou et al., 2005). Additionally, the properties of the SOA,
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Laboratory chamber experiments are the main source of data on the mechanism of oxidation and the secondary organic aerosol (SOA) forming potential of volatile organic
compounds. Traditional methods of representing the SOA formation potential of an organic do not fully capture the dynamic, multi-generational nature of the SOA formation
process. We apply the Statistical Oxidation Model (SOM) of Cappa and Wilson (2012)
to model the formation of SOA from the formation of the four C12 alkanes, dodecane,
2-methyl undecane, cyclododecane and hexylcyclohexane, under both high- and lowNOx conditions, based upon data from the Caltech chambers. In the SOM, the evolution
of reaction products is defined by the number of carbon (NC ) and oxygen (NO ) atoms,
and the model parameters are (1) the number of oxygen atoms added per reaction, (2)
the decrease in volatility upon addition of an oxygen atom and (3) the probability that
a given reaction leads to fragmentation of the molecules. Optimal fitting of the model
to chamber data is carried out using the measured SOA mass concentration and the
aerosol O : C atomic ratio. The use of the kinetic, multi-generational SOM is shown to
provide insights into the SOA formation process and to offer promise for application to
the extensive library of existing SOA chamber experiments that is available.
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e.g. hygroscopicity, volatility and atomic composition, depend on all of the above factors
(Jimenez et al., 2009).
Understanding SOA formation via photooxidation (i.e. reactions with OH) presents
a unique challenge in that not only is the precursor SOA species (i.e. the parent organic) reactive towards OH, but so are the oxidation products. The extent to which each
generation of products contributes directly to SOA formation depends intimately on the
details of the chemistry for the particular organic. Laboratory chamber experiments are
the main source of data on the mechanism of oxidation and the SOA forming potential of a parent organic. Because SOA forms via gas-particle partitioning, the amount of
SOA depends on the mass of absorbing material in the aerosol phase, in addition to the
unique chemistry. For comparison of SOA formation from different organics, especially
in atmospheric models, an SOA model is required. Traditional methods of representing
the SOA formation potential, or yield, of an organic do not fully capture the dynamic,
multi-generational nature of photooxidation, as they generally treat SOA formation as
a one-step process from precursor to products. This includes both the 2-product model
(Odum et al., 1996) and static volatility basis-set (Donahue et al., 2006). Recently,
methodologies have been developed that represent photooxidation and subsequent
SOA formation within more dynamic frameworks (Aumont et al., 2005; Robinson et al.,
2007; Lane et al., 2008; Barsanti et al., 2011; Valorso et al., 2011; Cappa and Wilson, 2012; Donahue et al., 2012). Depending on the specific methodology employed,
these models allow for reaction of the first (and later) generation oxidation products,
fragmentation and tracking of the detailed composition of the particle and gas-phase.
Here, we apply the Statistical Oxidation Model (SOM) of Cappa and Wilson (2012) to
model the formation of SOA from the photooxidation of a series of C12 alkanes of varying structure, two of which are linear (dodecane and 2-methyl undecane) and two of
which have ring structures (cyclododecane and hexylcyclohexane). Experiments were
conducted under both high- and low-NOx conditions to explore the important influence
of NOx on the SOA formation. The best-fit model is found to capture the time-evolution
of the observed SOA mass concentration and, to a reasonable extent, the O : C atomic
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Experiments were conducted in the Caltech dual 28-m Teflon chambers. Details of
the facility have been described previously (Cocker et al., 2001). Prior to each experiment, the chambers were flushed with dried, purified air for > 24 h, until the particle
concentration was < 100 cm−3 and the volume concentration was < 0.1 µg m−3 .
For all experiments, neutral ammonium sulfate seed aerosol was used to provide surface area for condensation of the semi-volatile oxidation products. Particle size distributions were measured using a differential mobility analyser (DMA, TSI, 3081) coupled
with a condensation particle counter (CPC, TSI, CNC-3760).
Photooxidation experiments were run under both high and low-NOx conditions. LowNOx (< 1 ppb) experiments were conducted using photolysis of H2 O2 as the OH radical
source. High-NOx experiments were conducted using photolysis of HONO as the OH
radical source. The primary NOx source is direct photolysis of HONO, although some
NO and NO2 formed as part of the HONO preparation. The gas-phase concentration
of the SOA precursor was measured throughout the experiments. Initial concentrations
are given in Table 1. Four alkanes are considered here, each with 12 carbon atoms:
dodecane (C12 H26 ), 2-methyl undecane (C12 H26 ), hexylcyclohexane (C12 H24 ) and cyclododecane (C12 H24 ).
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ratio under both high- and low-NOx conditions. Best-fit SOM parameters are reported,
and indicate that, per reaction with OH, photooxidation leads to more rapid oxygen
addition under high-NOx conditions than low-NOx conditions. Despite the more rapid
oxygen addition under high-NOx conditions, the nature of the functional groups added
lead to a smaller decrease in volatility (per oxygen added) than under low-NOx conditions. The success of fitting the SOM to these alkane SOA formation data offers
promise to apply the SOM to the extensive library of existing chamber experiments
that is available.
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Photooxidation was initiated by irradiating the chamber with blacklights. Output from
the lights is between 300 and 400 nm, with a maximum at 354 nm. Importantly, HONO
photolysis is efficient in this wavelength range, and thus the concentration of HONO
(and OH) decays towards zero over a period of ∼ 3 h once the lights are turned on.
H2 O2 photolysis is comparably much slower, which facilitates operation at a nearly
constant [OH] throughout the low-NOx experiments. To access long oxidation times (up
to 32 h) in the low-NOx experiments, the methodology set out by Loza et al. (2012) was
followed. As a result, the time series of OA mass concentrations (COA ) under low-NOx
conditions have a “gap” of ∼ 6 h (typically from hours 18–24).
Chemically-resolved aerosol mass concentrations were measured using an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, henceforth referred to as AMS). Real-time mass spectra of the particles were collected alternating between “V-mode” and “W-mode”. The “V-mode” provides higher sensitivity
while the “W-mode” provides higher resolution. The “W-mode” data were analysed using the software toolboxes PIKA (DeCarlo et al., 2006) and APES (Aiken et al., 2007,
2008; Chhabra et al., 2010). Through consideration of ions with specific molecular formulas, as determined from the “W-mode” spectra, the elemental composition of the
SOA can be determined (in particular, the O : C and H : C atomic ratios). The estimated
uncertainty in the O : C is ± 30 % and in the H : C is 10 %.
A correction for wall loss needs to be applied to determine the SOA mass concentration. Two limiting assumptions can be employed to bound the interactions between
particles deposited to the wall and vapors in the chamber. Here we use a lower bound,
in which particles deposited on the wall are assumed to cease interaction with suspended vapors after deposition (Loza et al., 2012). The total organic mass deposited
to the wall was calculated based on the particle number-weighted size distribution. The
wall loss rates for particles of different sizes are obtained from separate characterization experiments. The deposited particle number distribution is added to the suspended
particle number distribution to give a wall-loss corrected number distribution, which
is then converted to a volume concentration and then mass concentration, assuming

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

5

Discussion Paper

spherical particles. For the low-NOx experiments reported on here, wall loss corrections at long times require extrapolation of the COA across the “gap,” which decreases
the certainty of the correction and, as a result, the accuracy of the wall-loss corrected
COA values after the gap. Thus, only the pre-gap COA data are used quantitatively here.
3 Statistical Oxidation Model
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The Statistical Oxidation Model (SOM) simulates the oxidation of a parent hydrocarbon
and its reaction products in time, and is described in detail in Cappa and Wilson (2012).
In the SOM, the evolution of the gas and particle phase composition is followed through
a space in which all product species are defined solely by their number of carbon (NC )
and oxygen (NO ) atoms. Equilibrium partitioning between the gas and particle phases
is assumed to hold at each time-step of the model (∼ 1–2 min) (Pankow, 1994). It is
assumed that the properties of each species (i.e. NC /NO pair) can be represented by
some mean values that account for the actual distribution of functional groups within
the group of molecules that make up an SOM species. There are a few adjustable parameters within the SOM: (1) the number of oxygen atoms added per reaction, which
is represented as an array of probabilities of adding 1, 2, 3 or 4 oxygen atoms, termed
Pfunc , (2) the decrease in volatility upon addition of an oxygen atom, termed ∆LVP (the
log of the change in the saturation concentration, Csat , per oxygen added) and (3) the
probability that a given reaction leads to fragmentation of the product molecule into two
smaller molecules, termed Pfrag . Note that positive values of ∆LVP correspond to a decrease in vapour pressure upon oxygen addition. These parameters can be adjusted
to determine a best fit of the model to the observations. The SOM also includes heterogeneous reactions with OH radicals (Cappa and Wilson, 2012). It is assumed that each
heterogeneous OH reaction leads to the addition of one oxygen atom, that the fragmentation probability is equivalent to the gas-phase, and that the reactive uptake coefficient
is unity. The model additionally requires as input the initial concentration of the parent
hydrocarbon, [HC]0 , and the (potentially time-dependent) oxidant concentration. In this
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(O : C)
and Pfrag (NO ) = cfrag NO , where mfrag and cfrag are adjustable parameters,
and there is an upper limit of Pfrag = 1. Smaller values of mfrag and larger values of cfrag
indicate more extensive fragmentation, respectively. It is assumed that the generated
fragments are randomly distributed in terms of where the carbon bond scission occurs.
Best-fit values for Pfunc , ∆LVP and Pfrag are determined by simultaneously fitting
the time-dependent model predictions to observations of wall-loss corrected organic
aerosol mass concentrations (COA ) and O : C for each system (in this case, C12 compounds reacting with OH radicals under high- or low-NOx conditions). Alternatively, the
SOM was fit only to the COA observations. The data fitting was performed using the
Levenberg-Marquardt algorithm built into the data analysis program Igor. Uncertainties
−3
in the measured COA were assumed to be the larger of 0.5 µg m or 10 %. Uncertainties in the O : C were ± 30 %. An upper limit of ∆LVP = 2.2 was applied. The functional
group that contributes most to the decrease of vapour pressure per O atom added
is the -OH group. The EVAPORATION model (Compernolle et al., 2011) predicts that
∆LVP upon addition of -OH to primary, secondary and tertiary C is 2.23, 1.70 and 1.16,
respectively, whereas the SIMPOL.1 model (Pankow and Asher, 2008) predicts 2.76,
2.10 and 1.49, respectively. Here we take the average between the two vapour pressure models as the upper limit to ∆LVP. For low-NOx experiments, which have a gap in
the COA data from ∼ 18–24 h of reaction, the data are fit only prior to this gap. As noted
above, the reason for this is that the uncertainty in the wall-loss correction across the
gap leads to larger uncertainty in the COA after the gap.
Variation in the H : C atomic ratio with oxidation is characterized within the SOM by
specifying the average number of hydrogen atoms lost per oxygen atom added, which

|

mfrag
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5

study, for the low-NOx experiments the [OH] was constant (or nearly constant) throughout, while for the high-NOx experiments the [OH] decayed rapidly. In either case, the
model [OH] was specified so that the observed temporal decay of [HC] was reproduced
(see Table 1).
It is not yet clear what the most appropriate functional form is for the fragmentation
probability, Pfrag . Therefore, two parameterizations are considered here: Pfrag (O : C) =
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The time-evolution of the observed wall-loss corrected SOA mass concentrations (COA )
and the particle-phase O : C atomic ratios are shown in Fig. 1, along with the tuned
model results obtained using both Pfrag parameterizations and after fitting simultaneously to both COA and O : C. In general, as oxidation proceeds, the observed COA increases until the parent [HC] decays to around 10 % of its initial value (which occurs
around 15–20 h of oxidation). After this point, the COA starts to level off, or even decrease slightly, even though there is still OH present in the system. The observed SOA
O : C atomic ratio at early times tends to decrease slightly until the parent [HC] decays
to around 30 % of its initial value (at 5–10 h of oxidation), after which time it begins to
slowly increase. Aerosol mass yields for the two ring-containing compounds are larger
than for the non-ring containing compounds (Table 1).
The SOM, after fitting, captures the general time-dependent behaviour of the observed COA , with the model COA exhibiting a levelling off or slight decrease at long
times for many of the simulations (Fig. 1). The exact time-dependence of the model
COA depends somewhat on the assumed fragmentation parameterization and method.
In general, the Pfrag (NO ) parameterization tends to show a more pronounced turnover
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4.1 Low-NOx conditions
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is equal to the negative slope in a Van Krevelen diagram (a graph of H : C vs. O : C)
(Heald et al., 2010). Here, the H-loss-per-O-added is specified a priori based on the
observed Van Krevelen slope, although it should be noted that the specification of this
relationship has a negligible influence on the evolution of either the COA or O : C.
Condensed phase reactions (besides heterogeneous OH reactions) are not explicitly
accounted for in the SOM. Thus, to the extent that condensed phase reactions (e.g.
oligomerization, dehydration, cyclization) alter the observed SOA properties, this will
be reflected in the best-fit model parameters.
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in the COA at long times than the Pfrag (O : C) parameterization. The Pfrag (NO ) results
appear slightly more consistent with the observations, which is an unexpected result
given that the more physically intuitive behavior is that the probability of fragmentation for a given molecule should depend on the relative oxygen abundance (i.e. O : C)
rather than the absolute oxygen abundance (i.e. NO ). However, the uncertainty in the
observed COA after the data gap limits our ability to definitively make this assessment.
The SOM captures the general shape of the observed O : C time-dependence, with
the model O : C typically first decreasing before increasing with time, similar to the
experimental results (Fig. 1). Despite the satisfactory shape of the model O : C timedependence, for all of the hydrocarbons considered the absolute value of the model
O : C is somewhat greater than the observed O : C, although typically within the experimental uncertainty. Cyclododecane is the notable exception, with a model O : C that is
substantially higher than the observed value (although the shape of the calculated and
observed time-dependencies are quite similar). The over-prediction is, in part, a consequence of setting an upper limit for ∆LVP = 2.2 during fitting; allowing for larger values
of ∆LVP can lead to better model/measurement agreement for most compounds (although not for cyclododecane) and can still allow for a good fit to the observed COA .
The Pfrag (NO ) parameterization generally yields somewhat lower absolute O : C values
compared to Pfrag (O : C).
When the model is fit to both the COA and O : C, the best-fit ∆LVP is 2.2 for all compounds, i.e. the imposed upper-limit (Fig. 2 and Table 2). This is not surprising given
that the model O : C is particularly sensitive to the ∆LVP parameter (Cappa and Wilson,
2012). When the model is fit to only the COA data, the best-fit values remain high, with
2 < ∆LVP < 2.2. For all compounds considered, the addition of 1 oxygen atom per reaction was most probable, with some smaller fraction of reactions requiring the addition
of 2, 3 or 4 oxygen atoms (Fig. 2 and Table 2). The model results indicate that fragmentation is extensive, and the non-ring-containing compounds have larger cfrag and
smaller mfrag values compared to the ring-containing compounds, suggesting more extensive fragmentation of the non-ring containing compounds. For all compounds, the
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cfrag values (for Pfrag (NO )) were ≥ 0.33, which indicates that any molecule already containing 3 or more oxygen atoms will exclusively fragment upon reaction. Note that this
does not preclude formation of species with > 3 oxygen atoms because some reactions
add more than 1 oxygen atom and because fragmentation also leads to oxygen addition. It does, however, limit the rate and overall extent to which such highly oxygenated
species can form. Similar conclusions are reached if the Pfrag (O : C) parameterization
is instead considered, although the exact details are changed somewhat due to the
different functional form of the parameterization.
The observed co-variation of H : C with O : C, shown as a Van Krevelen diagram, indicates that the number of H atoms lost per O atom added, or the negative slope on the
graph, ranges from 1.45 to 2.2 (Fig. 3); this parameter is specified within the SOM so as
to match the model to the observations. The model aerosol exhibits a continuous evolution of the H : C and O : C throughout the reaction, consistent with the observations,
which is indicated by the wide range of values that fall along a line with a constant slope
(Fig. 3).
The distribution of molecules in NC /NO space at the end of the dodecane + OH reaction is shown for both Pfrag parameterizations (Fig. 4a, b). Overall, the OA is dominated
by compounds that have NC = 12 (Fig. 4e), although there are interestingly contributions from compounds with as few as 2 carbons at the 0.1 % level. Although the two
Pfrag parameterizations give generally similar results with respect to the temporal variation in the COA and O : C, the distribution of molecules that make up the OA differ. The
Pfrag (O : C) parameterization allows for a fragmentation probability that asymptotically
approaches 1 (at O : C = 1), and thus it is possible to produce molecules with NC =
12 and with a relatively large number of oxygen atoms, although the contribution of
species with NO > 3 to the total OA mass is small. For the Pfrag (NO ) parameterization
the probability of fragmentation linearly varies with NO and, given cfrag = 0.42 coupled
with a Pfunc array dominated by 1 oxygen per reaction, there is similarly not substantial
production of NC = 12 species with NO > 3.
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The observed variations in wall-loss corrected COA and O : C with reaction time for
high-NOx conditions for each of the alkanes considered are shown in Fig. 1. It is important to note that the OH concentration during these experiments was time dependent
7
−3
and decayed rapidly from > 10 molecules cm to zero (by around 3 h). This is in
contrast to the low-NOx experiments, where the OH concentration was constant at
6
−3
around 3 × 10 molecules cm . The time dependence of the [OH] was accounted for
in the SOM fit to the observations. The observed COA in each experiment rapidly increased before reaching a plateau by around 2–3 h. Unlike the low-NOx experiments,
this plateau behaviour results primarily from the loss of OH radicals and the cessation
of photochemical reactions and not from an evolution in the distribution of gas-phase
photooxidation products. The observed SOA O : C were essentially constant with time.
Aerosol mass yields were larger for the ring-containing compounds (see Table 1).
The SOM reproduces the observed time-dependent behaviour of the COA and O : C,
both in terms of shape and absolute magnitude. Note that the close match between the
observed and predicted O : C is different than for the low-NOx conditions, where O : C
was over-predicted. Fitting to either COA and O : C simultaneously or only to COA gave
generally similar results. The best-fit ∆LVP values ranged from 1.46 to 2.06 (Fig. 2 and
Table 2) and are overall substantially lower compared to the low-NOx systems, with the
exception of cyclododecane. Under high-NOx conditions the optimal fit of the SOM indicates that the majority of reactions added 2 to 4 oxygen atoms per reaction, with the
exact probability distribution varying for each alkane considered and some probability
of adding 1 oxygen per reaction (with the exception of cyclododecane). This is in distinct contrast to the low-NOx systems, where predominately only 1 oxygen is predicted
to be added per reaction. The Pfunc distributions are generally similar between the
two fragmentation parameterizations. In general, the non-ring-containing compounds
require larger cfrag (or smaller mfrag ) than the ring-containing compounds, indicating
more extensive fragmentation. Additionally, the best-fit cfrag values are generally larger
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The observations indicate that aerosol mass yields, defined as COA /∆HC (where ∆HC
is the amount of precursor reacted), are larger for the ring-containing compounds than
for the non-ring-containing compounds for both high- and low-NOx conditions (Table 1).
−3
For equivalent amounts of aerosol formed (specifically, 10 µg m ), the mass yields
for each species under high- and low-NOx conditions are reasonably similar, with the
exception of cyclododecane, for which the high-NOx yield is greater (Table 1). Low-NOx
conditions typically have greater H-loss per O-added (i.e. more negative Van Krevelen
slopes) than high-NOx conditions and also exhibit a more continuous evolution through
the Van Krevelen space as the reactions proceed. Considering the model results, the
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(and the mfrag smaller) under high-NOx conditions than under low-NOx conditions for
a given compound, although the extent to which the values differ depends on the specific alkane and whether cfrag or mfrag is considered; in some cases the differences are
slight (Fig. 2 and Table 2).
The observed co-variation of H : C with O : C indicates that the number of H atoms
lost per O atom added ranges from 1.25 to 1.83, which is slightly less than for low-NOx
conditions (Fig. 3). The SOM captures the observed behaviour (after specifying the Hper-O relationship), namely that the H : C and O : C are both nearly constant throughout
the reaction, unlike the low-NOx systems (Fig. 3).
The distribution of molecules in NC /NO space at the end of the reaction is shown
for dodecane (Fig. 4c, d). As in the low-NOx systems, the overall SOA composition is
dominated by compounds with NC = 12 (Fig. 4e), although the fractional contribution
of compounds with NC < 12 is less than in the low-NOx experiments. This is likely the
result of a greater number of oxygen atoms being added per reaction for the high- vs.
low-NOx case. This predicts that compounds with NC = 12 more rapidly add oxygen,
leading to a volatility sufficiently low that condensation is efficient even though the ∆LVP
tends to be smaller for the high-NOx mechanisms.
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SOM indicates that the decrease in volatility per oxygen added is substantially larger for
low-NOx vs. high-NOx conditions. The magnitude of the fragmentation parameter, cfrag ,
is generally larger (and mfrag smaller) for low- vs. high-NOx . Under high-NOx conditions
a greater number and broader distribution of oxygen atoms are added, on average, per
reaction. Low-NOx conditions lead to a slightly broader distribution of compounds with
NC < 12 in the particle phase compared to high-NOx conditions.
To facilitate further comparison between the low-NOx and high-NOx experiments,
which were conducted using different [OH] temporal profiles and different [HC]0 , timedependent SOA growth simulations were run under the same reaction conditions using
the best-fit parameters determined above (Fig. 5). Specific reaction conditions and
model inputs were: [OH] = 2.5 × 106 molecules cm−3 , [HC]0 = 33.5 ppb, the Pfrag (NO )
parameterization was used and the model was run for 32 h of oxidation. For all except
2-methylundecane, the COA formed after a given reaction time is initially somewhat
greater for the high-NOx conditions, but with an eventual cross-over to where the COA
becomes larger for the low-NOx conditions, often substantially so, at long times. For
2-methylundecane the yield under low-NOx conditions is always greater than under
high-NOx conditions, with the difference growing with time.
For high-NOx conditions there tends to be a more pronounced turnover in the COA
with time and with the turnover occurring at shorter times compared to low-NOx conditions. The overall time-dependent evolution of the gas + particle system reflects the
combined influence of all of the parameters (Pfrag and Pfunc and ∆LVP). Thus, the
observed NOx -dependence on the time-dependent aerosol yields can be understood
through the influence of NOx on both the probabilities of fragmentation vs. functionalization reactions and on the nature of the functional groups formed, specifically the
mean decrease in volatility that occurs upon functional group addition.
There are no clear, systematic differences in the evolution of the O : C with oxidation between the low- and high-NOx cases, although O : C tends to be slightly higher
for high-NOx . In general, for low-NOx the O : C first decreases then increases, consistent with the experiments (which were conducted under similar conditions as these
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The SOM can be used to follow the time-evolution of the individual species (i.e. NC /NO
pairs) that comprise the model SOA. Tracking of each SOM species can help to understand which species contribute most to the SOA mass at any given time during the
experiment, and thus how the composition is evolving. An example of such a time-trace
is shown for the low-NOx dodecane system using the Pfrag (NO ) parameterization, where
the individual species have been normalized to their maximum concentration (Fig. 6a).
It can be seen that there is some clustering of different species with respect to their
specific time-evolution, and species that exhibit similar time-dependent behaviour have
been colored similarly. The NC = 12 species with 1 and 2 oxygen atoms have unique
time-profiles while the NC = 8 to 11 species with 1 or 2 oxygens cluster together into
one predominant mode. Similarly, there is a clustering of species with NC = 6–7 and
NO = 2–3, and of species with NC = 8–12 with NO = 3. Finally, species with NO ≥ 4
cluster together nearly independent of NC . This type of clustering behaviour is consistent with the identification of unique “factors” associated with the formation and ageing
of low-NOx dodecane SOA (Craven et al., 2012). However, it is also important to consider the actual time-dependent contributions from each species to the total SOA mass,
as the above discussion (which uses normalized traces) might place undue focus on
species that contribute negligibly to the SOA mass. Figure 6b shows the actual timeevolution of the particle phase mass concentration for each SOM species. It is evident
that at early times the SOA is dominated by the NC = 12, NO = 2 species and the cluster of NC = 8–12, NO = 3 species. As the reaction progresses, the cluster of NO = 4
species begins to contribute significantly, while the abundance of the NC = 12, NO =
2 species decreases as it is converted into more oxidized species. This illustrates the
dynamic nature of the SOA composition as it forms and ages.
27090
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simulations). For high-NOx , both 2-methylundecane and hexylcyclohexane exhibit a noticeable increase in the O : C with oxidation, similar to the low-NOx cases, whereas dodecane and cyclododecane exhibit comparably small variations in O : C with oxidation.
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In principle, the addition of different functional groups corresponds to different values
for ∆LVP in the SOM. For example, the SIMPOL.1 model of Pankow and Asher (2008)
suggests the following: ∆LVP(alcohol) ∼ 2.23; ∆LVP(ketone) ∼ 0.94; ∆LVP(aldehyde) ∼
1.35; ∆LVP(nitrate) ∼ 0.74; ∆LVP(hydroperoxide) ∼ 1.24. (Recall that ∆LVP is defined
on a per-oxygen basis.)
Under low-NOx reaction conditions, likely products from gas-phase pathways are
hydroperoxides, carbonyl hydroperoxides, hydroxyl hydroperoxides, carboxylic acids,
hydroxylcarboxylic acids, hydroxyperacids and hydroxyl carbonyls (Yee et al., 2012).
For the low-NOx systems the best-fit SOM ∆LVP values are all > 2, which would suggest the addition of predominately hydroxyl (-OH) functional groups. However, addition
only of alcohols seems unlikely, both from a mechanistic perspective (Yee et al., 2012)
and from consideration of the observed H-loss per O-added (or negative Van Krevelen
slope). Strict alcohol addition would correspond to a Van Krevelen slope of 0, which can
be compared with the addition of a ketone or aldehyde (slope = −2) or hydroperoxide
(slope = 0). The observed low-NOx Van Krevelen slopes ranged from 1.45 to 2.2. Such
values are more suggestive of substantial ketone or aldehyde addition, as opposed to
addition of alcohols, ketones and hydroperoxides as suggested by Yee et al. (2012).
Thus, there appears to be some inconsistency between the model ∆LVP values, the
observed Van Krevelen slopes and the expected products.
One potential reconciliation between these differing indications of functional group
addition is the occurrence of condensed phase reactions. The above functional
group/∆LVP relationships do not account for condensed phase reactions that can alter
the nature of the functional groups comprising the SOA (and thus the H : C and O : C
relationship) and the apparent volatility of the condensed-phase compounds. Importantly, certain condensed phase reactions involve a change in the Van Krevelen slope
while others preserve the slope. Dehydration reactions involve loss of water molecules
and lead to a change in the observed H : C vs. O : C slope, moving it towards steeper
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Assuming that this water does not influence the SOA O : C measurement, esterification
leads to an overall Van Krevelen slope of −2 relative to the unreacted hydrocarbon and,
by forming a longer-chain species (i.e. an oligomer), a decrease in vapour pressure despite the loss of functional group (exact magnitude of this vapour pressure decrease
will depend on the carbon chain length of the molecules involved). Cyclization reactions of hydroxycarbonyl species to form cyclic hemiacetals followed by dehydration to
form a dihydrofuran also involve loss of water molecules, again leading to a shift in
the Van Krevelen slope towards steeper values. However, such reactions do not lead
to oligomerization, and thus the volatility of the dihydrofuran product may be substantially higher than the cyclic hemiacetal. The increased vapour pressure could lead to
evaporation of the dihydrofuran, which could undergo further gas-phase processing
and, potentially, re-condensation as a more oxidized species. Ultimately, if the dihydrofuran does not remain or end up back in the particle, the Van Krevelen slope of the
SOA will be unaffected. It is worth noting that such dehydration reactions will lead to
a decrease in the observed SOA O : C, and could provide an explanation for the model
over-estimate under low-NOx conditions. Altogether, consideration of the observations
and the model results suggest that condensed-phase reactions occur that alter not only
the apparent volatility of the SOA species, but also their atomic composition.
Under high-NOx conditions, the model ∆LVP values ranged from 1.46 to 2.06 (or
1.46 to 1.80 if cyclododecane is excluded). Interestingly, these values are significantly
larger than that associated with organonitrate addition (∆LVP = 0.74) even though
the best-fit Pfunc array indicates a substantial fraction of reactions add up to 3 or 4
oxygen atoms per reaction, which is consistent with nitrate addition. The mean H-lossper-O added ranged from −1.25 to −1.83, also significantly larger than expected if
nitrate functional group addition dominates (−0.33). Again, these results suggest that
27092
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values. For example, ester formation, typically from the reaction of a carboxylic acid
and alcohol, involves loss of a water molecule:
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condensed phase reactions are altering the observed SOA properties, and thus the
interpretation of the SOM best-fit parameters. As with the low-NOx case, condensed
phase reactions that make the Van Krevelen slope more negative (steeper) are suggested to reconcile the observations, expected mechanism and SOM results. In the
condensed phase, organonitrates can undergo hydration reactions followed by acidcatalyzed nitrate loss to form alcohols. However, such reactions are unlikely under the
very low RH conditions of these experiments, and furthermore would move the slope
in the wrong direction (i.e. towards zero). Esterification (dehydration) reactions may
also be occurring in the high-NOx particles, moving the slope towards more negative
values and, likely, decreasing the apparent volatility of the condensed species. Taken
together, the low and high-NOx results illustrate the broader point that interpretation of
Van Krevelen diagrams in terms of how the SOA composition relates to the associated
gas-phase composition is not necessarily straightforward since the measurements may
likely be affected by condensed phase reactions. This conclusion is consistent with the
findings of Craven et al. (2012), who determined that movement between the different
identified SOA “factors” occurs along multiple Van Krevelen slopes.
When interpreting the best-fit SOM parameters in terms of chemical mechanisms, as
above, it is important to consider the robustness of the fit parameters. This is examined
here by re-fitting the SOM to observations of COA only (as opposed to COA and O : C),
but where the Pfrag parameters (i.e. cfrag and mfrag ) for the high-NOx reactions are constrained to be equal to the best-fit values from the low-NOx reactions, and vice versa.
The extent to which the constrained cfrag and mfrag values differ from the best-fit values differs for each alkane, although in general the constrained high-NOx cfrag is larger
(and mfrag smaller) compared to the overall best-fit, while for low-NOx reactions the opposite is true (Table 2). In most cases, it is still possible to fit the SOM to the observed
COA growth, although there are a few exceptions where the COA is under-predicted
after fitting (Fig. 7). In general, the extent to which the best-fit ∆LVP and Pfunc array
differ between the constrained and overall fit depends on how different the cfrag and
mfrag parameters are. For the high-NOx reactions, many of the resulting ∆LVP values
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for the constrained fits are increased to offset the greater fragmentation, while the oxygen distributions are reasonably similar between the constrained and overall best-fit
(Fig. 8). The predicted O : C for the constrained fit does not match the observations
quite as well as the overall best-fit (although remaining within the ±30 % uncertainty
for all cases; Fig. 7). For the low-NOx reactions, some of the resulting ∆LVP values for
the constrained fits are decreased, although for many cases the differences are small,
while the oxygen distributions are generally unchanged (Fig. 9). This comparison illustrates that the ∆LVP and Pfrag parameters can have compensating effects, which
indicates that care must be taken in their interpretation. Nonetheless, the results from
the constrained and overall best-fits are sufficiently similar that the general conclusions
reached above are unchanged.
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For a comprehensive series of SOA formation experiments from photooxidation of four
NC = 12 alkanes, two straight chain and two ring-containing, observations indicate that
the SOA yield is larger for these compounds under low- vs. high-NOx conditions, with
the exception of cyclododecane. The O : C atomic ratio is generally similar between
high- and low-NOx , although the low-NOx experiments exhibit a continuous increase in
O : C as oxidation proceeds. This difference results primarily from the differing oxidation
conditions: the [OH] during low-NOx experiments was approximately constant around
2×106 molecules cm−3 , whereas the [OH] during high-NOx experiments started higher
but rapidly decayed due to efficient photolysis of the OH precursor (HONO).
The observed COA temporal growth curves have been fit to the Statistical Oxidation
Model (Cappa and Wilson, 2012) to derive values for the mean decrease in volatility per oxygen added (∆LVP), the probability of fragmentation and the distribution of
oxygens added per reaction. In general, there is excellent model/measurement agreement in terms of the time-evolution of the COA . This work demonstrates that the use
of a kinetic, multi-generation model to represent SOA formation during photooxidation
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Table 1. Experimental conditions and results from photooxidation experiments.
[HC]0
(ppbv)

dodecane
2-methylundecane
hexylcyclohexane
cyclododecane

32.2
72.4
22.1
13.8

a

Yieldb
(%)

Yieldc
(%)

O:C
max

O:C
min

21.6
18.1
28.9
15.8

10.3
10.8
29.6
24.4

6.1
7.2
15.4
17.2

0.28
0.28
0.32
0.24

0.21
0.20
0.22
0.15

10.6
23.5
17.5
29.5

6.8
7.8
16.4
41.5

6.2
5.1
12.3
38.3

0.33
0.26
0.32
0.27

0.33
0.26
0.32
0.27
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For high-NOx conditions, [OH] is time dependent and has the form [OH]t = [OH]t=0 exp(−kt),
where t is the time elapsed (in hours) and k is the decay constant. The [OH]t=0 and k values
are reported in the table.
b
COA and yield values are reported after 15 h (low-NOx ) and 3 h (high-NOx ) of reaction,
respectively.
c
Yield values are reported for COA = 10 µg m−3 .
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34.0
28.1
15.6
9.8

Low NOx
2.5 × 106
2.4 × 106
2.95 × 106
2.7 × 106
High NOx
4.5 × 107 /1.85
3.3 × 107 /1.85
4.1 × 107 /1.7
7
2.7 × 10 /0.92

b
COA
(µg m−3 )

|

dodecane
2-methylundecane
hexylcyclohexane
cyclododecane

[OH]a
(molecules cm−3 )
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The relative probabilities of adding 1, 2, 3 or 4 oxygen atoms per
reaction.
b
Constrained as an upper limit.

|

a
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Low-NOx ; P frag = c frag N O
2.20b
0.423
[0.57,0.12,0.00,0.31]
b
2.20
0.455
[0.79,0.00,0.10,0.11]
2.20b
0.333
[0.80,0.05,0.12,0.03]
b
2.20
0.333
[0.86,0.02,0.12,0.0]
m
Low-NOx ; P frag = (O : C) frag
b
dodecane
2.20
0.077
[0.79,0.17,0.03,0.0]
b
2-methylundecane
2.20
0.110
[0.96,0.0,0.04,0.0]
b
hexylcyclohexane
2.20
0.214
[0.75,0.17,0.08,0.0]
cyclododecane
2.20b
0.250
[0.88,0.0,0.0,0.11]
High-NOx ; P frag = c frag N O
dodecane
1.46
0.279
[0.31,0.41,0.07,0.19]
2-methylundecane
1.68
0.397
[0.24,0.50,0.27,0.0]
hexylcyclohexane
1.54
0.233
[0.0,0.50,0.43,0.06]
cyclododecane
2.01
0.279
[0.0,0.0,0.73,0.26]
m
High-NOx ; P frag = (O : C) frag
dodecane
1.69
0.105
[0.26,0.38,0.31,0.05]
2-methylundecane
1.80
0.113
[0.30,0.57,0.13,0.0]
hexylcyclohexane
1.67
0.191
[0.18,0.23,0.59,0.0]
cyclododecane
2.06
0.251
[0.0,0.0,0.88,0.12]
dodecane
2-methylundecane
hexylcyclohexane
cyclododecane

|

Oxygen Addition
Probabilitiesa
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Table 2. Statistical oxidation model best-fit parameters when fit to both COA and O : C.
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Fig. 1. Evolution of the SOA mass concentration, COA , (black lines, left axes) and O : C atomic
ratio (gray lines, right axes) for low-NOx (left panels) and high-NOx (right panels) for dodecane,
2-methylundecane, hexylcyclohexane and cyclododecane (top-to-bottom). The light gray bands
on the O : C indicate the estimated uncertainty range (±30 %). The model results using Pfrag (NO )
and Pfrag (O : C) are shown as red and blue lines, respectively. Solid lines are model fits for COA
and dashed lines for O : C. The model has been fit simultaneously to the COA and O : C data
for t < 15 h (low-NOx , black lines) or t < 3 h (high-NOx ). For the low-NOx conditions, the orange
lines correspond to data collected after a pause in sampling (indicated by a gap in the COA time
series).
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Fig. 2. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under low-NOx (hashed) and high-NOx (solid) conditions for different parameterizations for fragmentation: (A–C) used Pfrag (NO ) while (D–F) used Pfrag (O : C). Results are shown
for ∆LVP (A and D), the fragmentation parameter (B and E) and the oxygen addition array (C
and F). The model was fit simultaneously to the observed COA and O : C. The two fragmentation parameterizations give generally similar results. Note that for the fragmentation parameter,
larger values of cfrag correspond to greater fragmentation while smaller values of mfrag correspond to greater fragmentation. The grey line in (A) and (D) indicates the upper-limit constraint
on ∆LVP.
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Fig. 3. Van Krevelen diagrams (H : C vs. O : C) for the observed SOA (gray points) and the model
SOA using the Pfrag (NO ) (red lines) and Pfrag (O : C) (blue lines) fragmentation parameterizations.
The top row shows results for low-NOx conditions and the bottom row for high-NOx conditions.
The Van Krevelen slopes (defined according to the parent hydrocarbon y-intercept) are given
in each panel.
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Fig. 4. Distribution of molecules comprising the model dodecane SOA at the end of the experiment for low-NOx (A, B) and high-NOx (C, D) for the Pfrag (NO ) (A, C) and Pfrag (O : C) (B,
D) parameterizations. The colors correspond to the log of the fractional molecular abundance,
i.e. log([X]/Σ[X]), with a lower-limit of −4 (= 0.01 %). (E) The distributions, binned by NC , for
low-NOx (red) and high-NOx (blue).
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Fig. 5. Simulated time-evolution of COA and O : C for each of the parent alkanes using the same
reaction conditions but with compound-specific best-fit SOM parameters. Results are shown
6
−3
for low-NOx (solid) and high-NOx (dashed), assuming [OH] = 2.5 × 10 molecules cm and
[HC]0 = 33.5 ppb.
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Abstract

Fig. 6. (A) Simulated time-evolution of each SOM species (i.e. NC /NO pair) during the lowNOx photooxidation of dodecane. Species that exhibit a similar temporal dependence have
the same color, and the species that correspond to each “cluster” are indicated as labels.
Each species profile has been normalized to its maximum concentration. For reference, the
dashed black trace shows the time-evolution of the normalized total SOA mass. (B) Simulated
mass concentrations of each SOM species, with each species stacked on the previous. Colors
correspond to those in (A).
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Fig. 7. Same as Fig. 1, but where the high-NOx and low-NOx cfrag and mfrag parameters have
been constrained; see text for details.
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Fig. 8. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under high-NOx conditions for both the overall best-fit (solid bars, as in Fig. 2) and
the best-fit when the cfrag and mfrag parameters are constrained to be equal to the low-NOx overall best-fit values (hashed bars). Results are shown for both the Pfrag (NO ) (A–C) and Pfrag (O : C)
(D–F) parameterizations and include (A and D) ∆LVP, (B and E) the fragmentation parameter,
and (C and F) the oxygen addition array. The constrained model was fit only to the observed
COA . The grey line in (A) and (D) indicates the upper-limit constraint on ∆LVP.
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Fig. 9. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under low-NOx conditions for both the overall best-fit (solid bars, as in Fig. 2) and the
best-fit when the cfrag and mfrag parameters are constrained to be equal to the high-NOx overall
best-fit values (hashed bars). Results are shown for both the Pfrag (NO ) (A–C) and Pfrag (O : C)
(D–F) parameterizations and include (A and D) ∆LVP, (B and E) the fragmentation parameter,
and (C and F) the oxygen addition array. The constrained model was fit only to the observed
COA . The grey line in (A) and (D) indicates the upper-limit constraint on ∆LVP.

ACPD

Full Screen / Esc

Printer-friendly Version
Interactive Discussion

