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Abstract

Positive matrix factorization (PMF) of high-resolution laboratory aerosol mass spec-
tra is applied for the first time, the results of which are consistent with molecular level
MOVI-HRToF-CIMS aerosol-phase and CIMS gas-phase measurements. Secondary
organic aerosol was generated by photooxidation of dodecane under low-NO, condi-
tions in the Caltech environmental chamber. The PMF results exhibit three factors rep-
resenting a combination of gas-particle partitioning, chemical conversion in the aerosol,
and wall deposition. The slope of the measured high-resolution aerosol mass spec-
trometer (HR-ToF-AMS) composition data on a Van Krevelen diagram is consistent
with that of other low-NO, alkane systems in the same O:C range. Elemental analysis
of the PMF factor mass spectral profiles elucidates the combinations of functionality
that contribute to the slope on the Van Krevelen diagram.

1 Introduction

The processes by which the atmospheric oxidation of volatile organic compounds
(VOCs) leads to low volatility products that partition into the aerosol phase, forming
secondary organic aerosol (SOA), are complex and not thoroughly understood. Gas-
phase oxidation processes are key in SOA formation, but there is increasing evidence
that chemistry occurring in the particle phase, as well, may be important in producing
the low-volatility, oxygenated compounds that characterize SOA. Laboratory chamber
studies are essential to understand the lifecycle of organics involved in the formation
of SOA. In such chamber experiments, measurements of both gas- and particle-phase
chemical composition provide a window into the complex chemistry of SOA formation.
While measurement of the complete suite of compounds involved in SOA formation is
generally not feasible, key observations can provide considerable insight into the nature
of the multi-generation gas-phase oxidation that characterizes SOA formation. High-
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) measurements
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of aerosol composition enable derivation of a number of key SOA properties; these
include the atomic oxygen-to-carbon and hydrogen-to-carbon ratios (O:C and H:C),
from which one can infer the overall oxidation state of the aerosol. The full HR-ToF-
AMS spectrum, over the course of SOA formation and evolution, comprises a large
number of mass-to-charge ratios (m/z), which contain time-dependent information on
the overall processes occurring. Positive matrix factorization (PMF) has proved to be
a powerful procedure for analyzing HR-ToF-AMS spectra in terms of the evolution of
major mass spectral factors (Lanz et al., 2007; Ulbrich et al., 2009; Aiken et al., 2009;
Ng etal., 2010; Hersey et al., 2011; Fry et al., 2011). The factor profile extracts the con-
tributions from a number of masses that are co-correlated, providing information on the
time evolution of the aerosol composition that is not immediately evident from the com-
plex aerosol spectrum. We present here the first application of PMF to HR-ToF-AMS
spectra obtained in a laboratory chamber investigation of SOA formation.

The present study is part of a comprehensive investigation of SOA formation from
large alkanes. Alkanes are significant atmospheric components of the unresolved com-
plex mixture (UCM) of organics that is thought to be a possibly major source of ambient
SOA (Schauer et al., 2001, 2002). This first phase of the comprehensive investiga-
tion of alkanes focuses on high-resolution HR-ToF-AMS spectra of dodecane (C{,Hyg)
SOA. In conjunction with chemical ionization mass spectrometer (CIMS) measure-
ments and micro-orifice volatilization impactor coupled to a chemical ionization mass
spectrometer (MOVI-HRToF-CIMS), the application of PMF provides insight into the
multi-generational and multi-phase processes involved in SOA formation and aging.

2 Experimental

Experiments were carried out in the Caltech environmental chamber facility, which is
comprised of dual 28 m? teflon chambers (Table 1, Cocker et al., 2001). Experiments
were in a low-NO, environment with hydrogen peroxide (H,O,) photolysis as the OH
source. For each experiment, 280 pl of 50 % wt aqueous H,0, solution was evaporated
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into the chamber, followed by atomization of 0.015 M aqueous ammonium sulfate (AS)
solution for seed particles, and finally the specific volume of liquid dodecane necessary
to achieve the desired gas-phase concentration was evaporated into the chamber. The
oxidant, seed, and hydrocarbon mixed for 1 h prior to irradiation.

2.1 High-resolution time-of-flight aerosol mass spectrometer

In the aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS), aerosol is sampled at atmospheric pressure through an aerodynamic lens into
a particle time-of-flight chamber, at the end of which the particles impact a 600°C
heater and 70 eV filament assembly where they are vaporized and ionized. The aerosol
ion fragments are then orthogonally extracted into the ion time-of-flight chamber where
they are sampled in either V (higher signal) or W (higher resolution) mode. For these
experiments, both modes were utilized at a 1 min sequential sampling rate. The V-
mode was utilized for PMF analysis, as the higher m/z values exhibit a more favor-
able signal-to-noise ratio; the W-mode was used for ion identification, clarification, and
elemental analysis. The V-mode and W-mode can be set to measure bulk aerosol
composition, in which all of the particles within the transmission of the instrument
(60—600 nm with 100 % transmission efficiency) are measured. This is commonly re-
ferred to as mass spectrometry-mode (MS-mode). The HR-ToF-AMS can also measure
size-resolved chemistry by employing the particle time-of-flight-mode (PTOF-mode), in
which the aerosol beam is chopped in the particle time-of-flight chamber and single par-
ticles are sized and sampled. All HR-ToF-AMS data were processed with SQUIRREL,
the ToF-AMS Unit Resolution Analysis Toolkit (http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html), in Igor Pro version 6.22A (Wavemetrics,
Lake Oswego, OR). Adjustments to the fragmentation table were made to correct for air
interferences based on measurements made at the beginning of each experiment with
a particle filter in-line with the chamber sample line and the HR-ToF-AMS (Allan et al.,
2004). The ToF-AMS high-resolution analysis software tool PIKA (Peak Integration by
Key Analysis) was employed for high-resolution analysis (DeCarlo et al., 2006).
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2.2 Chemical ionization mass spectrometer

A chemical ionization mass spectrometer (CIMS) was employed for the measurement
of gas-phase intermediates. The CIMS consists of a Varian 1200 quadrupole mass
spectrometer that has been modified to accommodate a custom ionization region.
Details of the instrument and its general operation have been described elsewhere
(St. Clair et al., 2010; Paulot et al., 2009; Crounse et al., 2006). In these experiments,
several hydroperoxide-containing and acidic species were tracked with the CIMS, as
discussed previously (Yee et al., 2012).

2.3 Micro-orifice volatilization impactor coupled to a high-resolution time-of-
flight chemical ionization mass spectrometer

A micro-orifice volatilization impactor coupled to a high-resolution time-of-flight
chemical-ionization mass spectrometer (MOVI-HRToF-CIMS) was employed. Analysis
in the MOVI-HRToF-CIMS is a two-step cycle in which (i) gas-phase compounds are
measured by the high-resolution TOFMS while aerosols are collected, and (ii) collected
aerosols are then thermally vaporized with composition measured by the spectrometer.
Chemical ionization (CI) preserves the parent ion in most cases, which, when combined
with a high-resolution TOF analyzer, allows determination of the elemental composition
of the molecular ions (Yatavelli and Thornton, 2010; Yatavelli et al., 2012).

2.4 Positive matrix factorization (PMF)

Positive matrix factorization (PMF) has emerged as a powerful technique for source
apportionment of HR-ToF-AMS measurements of ambient aerosol (Paatero and Tap-
per, 1994; Jimenez et al., 2009; Lanz et al., 2007; Ulbrich et al., 2009; Aiken et al.,
2009; Hersey et al., 2011; Ng et al., 2010; Allan, 2003; Zhang et al., 2011). Here,
the application of PMF to HR-ToF-AMS spectra to investigate SOA formation in a lab-
oratory chamber is reported for the first time. The factors are groups of ions (or
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fractions of ions) that vary together in time. For chamber experiments, this varia-
tion could be from processes such as gas-particle partitioning, chemical conversion
in the aerosol, or wall loss of either individual molecules, or more likely a group of
molecules with similar chemical character, such as the gas-phase products from a spe-
cific generation of gas-phase oxidation. Gas-phase measurements support and the do-
decane low-NO, mechanism predicts the multi-generation production of increasingly
oxidized gas-phase products, which are expected to condense at different times. The
AMS-PMF time series results are compared with molecular level detail of the CIMS
gas-phase and MOVI-HRToF-CIMS aerosol-phase measurements, linking the HR-
ToF-AMS high time-resolution electron impact ion information to the complex aerosol
molecular level composition. The PMF results are explored using the PMF Evaluation
Tool Version 2.04 in Igor Pro (http://cires.colorado.edu/jimenez-group/wiki/index.php/
PMF-AMS _Analysis_Guide, Ulbrich et al., 2009). The details of implementing PMF are
given in the Appendix.

3 Results

SOA formation and aging comprise a number of atmospheric processes: (1) gas-phase
reactions that involve functionalization and fragmentation; (2) gas-particle partitioning
of lower volatility products; (3) chemical reactions in the aerosol phase that can lead
to even lower volatility compounds or, in some cases, fragmentation and return to the
gas phase. In laboratory chamber experiments, one must also consider the effect of
deposition of gases and particles to the chamber walls. In the present study we seek,
via a combination of HR-ToF-AMS and CIMS measurements, to evaluate both gas-
and particle-phase routes to formation of oxidized compounds. It is also necessary to
understand the role of wall deposition processes in the chamber data.

The distinction between SOA formation and aging deserves some clarification
(Fig. 1). Formation can be defined as any process that adds strictly new mass to the
aerosol. New mass is denoted by the species with an asterisk in Fig. 1, and examples
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of formation pathways are depicted by the thick arrows. Continued gas-phase species
oxidation, with products partitioning to the aerosol phase, constitutes an aerosol for-
mation process. Aging can be taken to comprise aerosol-phase chemical conversion,
evaporation of species that were once in the gas-phase (gas-phase pump), and other
aerosol-phase reactions that lead to fragmentation in the aerosol and evaporation to the
gas phase. Evaporated species can then be oxidized and re-enter the aerosol-phase,
but since a portion of the mass has been condensed previously, this is considered ag-
ing. In a laboratory chamber, as well as in the atmosphere, formation and aging occur
simultaneously and may be difficult to distinguish.

3.1 Elemental analysis

Figure 2 shows the evolution of total organic aerosol mass during the longer experiment
(Table 1). The O:C and H:C elemental ratios of the aerosol provide information on
the bulk chemical evolution over the course of the experiment. The first reliable O:C
measurement yields a value near 0.22, which is consistent with the predicted early
aerosol product, the C4, carbonyl hydroperoxide (product formula of C;,H,,05, O:C
of 0.25). Upon further OH exposure, the O:C ratio grows to about 0.3. The H:C ratio
is initially at 1.7, reflecting the oxidized nature of the initial aerosol composition. The
H:C ratio then increases after early growth to 1.79 and then decreases to 1.69 at 34 h.
Dodecane itself has an H:C of 2.17 and an O:C of 0, so the initially high H:C and
low O:C reflect the early oxidation stage of aerosol. The C,H; ion was removed from
the mass spectra owing to large interference with the Ng ion, but with little effect on
the absolute value and time trend of the elemental ratios. Individual high-resolution
ions provide further information on those masses in the spectrum that are driving the
evolution of the aerosol chemical composition.
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3.2 High-resolution ion analysis

The higher mass ions (>m/z 100) in the HR-ToF-AMS spectrum provide key informa-
tion regarding the low-volatility SOA constituents. Owing to the fragmentation caused
by electron impact ionization, numerous ion combinations contribute to each nominal
mass; the larger the mass, the greater the potential information regarding molecular
detail is, but the greater the challenge in extracting that information. An explicit chemi-
cal mechanism of dodecane oxidation is critical in identifying individual ions, as well as
patterns in the HR-ToF-AMS spectrum. A simplified schematic of the low-NO, mecha-
nism presented by Yee et al. (2012) is shown in Fig. 3.

At early growth, m/z 183 and m/z 215 dominate the signal for m/z> 100 (Figs. 4
and 5). At the outset, the only apparent ion at m/z 183 is C1,H,30", but by the end of
oxidation, C4oH503 has clearly grown in as a “left-side” neighbor to the original ion.
This same type of behavior occurs for m/z 215 and, indeed, for almost all of the other
masses in the spectrum. These developing patterns allow for a systematic identification
of the ions at each mass. In each case, the later neighboring ion(s) have fewer carbons
and more oxygens, as expected from continuous multi-generation oxidation. The high-
resolution ions well past m/z 100 provide ion trend information (see Sect. 3.3), even
if these ions do not influence the overall H:C and O:C ratios owing to small mass
contributions.

3.3 Varying time trends for C42 ion fragments

The ions at higher m/z provide unique time traces, from which inferences about the
aerosol composition can be drawn. For example, the time series of C,, fragments in
Fig. 6 shows distinct maxima during the course of the experiment. Since the parent
hydrocarbon is a C4, molecule, the fragments shown in Fig. 6 are close to molecular
level detail. The steady increase in signal of the less oxidized ion C;,H,30™ at m/z 183,
followed by the increase of C;,H,,0; at m/z 197, and then C4,H;403 at m/z 211 re-
flect the incorporation of increasingly oxidized products to the aerosol. The processes
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by which each ion reaches a maximum and then decreases are more challenging to
infer. Deposition of aerosol to the chamber walls will cause the ion signals to decrease
(Sect. 3.6). A decreasing trend could also be the result of partitioning of products back
to the gas-phase as their gas-phase equivalent is being reacted. Then, upon further
oxidation in the gas-phase, the product re-condenses as a more oxidized species.
Chemical conversion of the condensed products would provide another explanation
for some ions to be decreasing, while at the same time other ions are increasing. In
electron impact ionization a particular ion fragment can be produced from two different
compounds. This effect is magnified in the smaller m/zs, where, for example, the CzHg
ion is at m/z 27, which is dominant throughout the entire experiment and a common
fragment for alkyl molecules.

The ions identified in the HR-ToF-AMS spectra are a linear combination of the
molecules in the aerosol; positive matrix factorization is well suited for long-duration
chamber experiments, especially with ions that have unique time trends. The PMF
results are an attempt to rebuild the molecular trend information that is lost from elec-
tron impact ionization of the HR-ToF-AMS. The less harsh ionization methods of both
the heating mode of the MOVI-HRToF-CIMS and gas-phase measurements from the
CIMS provide molecular level information that the HR-ToF-AMS is unable to obtain, but
to which the PMF results show similarity. From this comparison, molecular information
can be inferred about the HR-ToF-AMS spectra, and how compounds fragment in the
HR-ToF-AMS. Moreover, PMF results can be applied to obtain insight into the partition-
ing of the populations of oxidized molecules and the aerosol composition that evolves
with continued oxidation.

3.4 Three-factor PMF solution

The PMF results for low-NO, SOA formation from dodecane oxidation exhibit three
distinct time traces with their correlating factor mass spectral profiles (Figs. 7 and 8).
The three factor time series, shown in Fig. 7, are overlaid with the total organic loading
to emphasize the relationship of each factor to the total SOA mass. The O:C ratio
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traces the overall oxidation state in the aerosol, and the PMF factors help explain that
behavior. Factor 1, in grey, is dominant in the early aerosol growth and contains the
least oxidized ions (has the highest H:C ratio) of the factors. Factor 2 grows in next,
peaks after factor 1, and then decreases. Factor 3 contains the highest contribution
to the CO™ and COj ions and other O,, O, O4, and Oy containing ions, explaining
the steady increase in O:C over the course of the experiment. The CO; ion is the
tracer for carboxylic acid in the HR-ToF-AMS (Aiken et al., 2008), which could explain
the increase in O:C; however, the existence of the >2 oxygen ion fragments indicates
the O:C ratio increase could also be due to highly functionalized compounds, and not
solely carboxylic acids, an observation supported by the chemical mechanism (Fig. 3)
and the van Krevelen diagram (to be shown later).

The mass spectral profiles of the factors are presented in Fig. 8, in which ions with
different oxygen contents (different ion families) are highlighted by different colors. The
mass percentage of each family to the total factor is presented in each factor’s legend.
Each factor profile has distinct, unique masses in the >m/z 100 range. While it is diffi-
cult to identify an ion unique to one factor, certain ions have a higher contribution to one
factor than another. Pearson’s r correlation of each ion in the spectrum to each factor
time series was used to identify which unique ions contributed the most to each factor.
The 10 ions with the highest correlation in time with the factor profiles are tagged in
the figure, with the top ion surrounded by a box. These are also listed in Table 3. The
time trends of the top 3 ions correlating with each factor are displayed in Fig. 9. These
ions provide the basis for identifying HR-ToF-AMS tracer ions for different generations
of oxidation products. The interpretation of these factor time series and mass spectral
profiles is aided by a chemical mechanism of dodecane oxidation, as well as compar-
ison of time series to CIMS and MOVI-HRToF-CIMS data and individual HR-ToF-AMS
ions.
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3.5 Chemical interpretation of PMF solution

Factor 1 mass spectra and time series correlations with CIMS (Fig. 11) and MOVI-
HRToF-CIMS (Fig. 12) ion time traces suggest that factor 1 could be C,, carbonyl
hydroperoxide or C;, dihydroperoxide gas-to-particle partitioning (CARBROOH or
DIROOH; Fig. 3; see grey shaded box) and possibly peroxyhemiacetal formation (PHA,
see inset from Fig. 3). A CygH3g low-NO, photooxidation experiment was carried out
to produce a hydroperoxide standard and to understand the hydroperoxide fragmenta-
tion pattern in the HR-ToF-AMS (Fig. 10 and Table 4). The first product from C,gHzg
low-NO, photooxidation is the hydroperoxide, which, because of its long carbon chain,
is expected condense immediately onto the aerosol. Removal of HO, from the Cyg
hydroperoxide is supported by the C18H§7 ion in the HR-ToF-AMS spectrum; this ion
is considered a tracer for the C,g hydroperoxide. Fraser et al. (1970) also saw alkyl
ions with 70 eV electronic impact ionization mass spectrometry measurements of alkyl
hydroperoxides and attributed these peaks to HO, elimination from the hydroperoxide.
The C3H7O§ ion is also considered to be a tracer for the hydroperoxide-like compound
since it has the highest percent difference between the C,gH3g condensation spectrum
before irradiation and the mass spectrum immediately after irradiation.

For dodecane, we do not expect the C,, hydroperoxide to partition to the particle
phase, but we do expect the C,, carbonyl hydroperoxide to partition (Yee et al., 2012).
The presence of ion fragment C,,H,;0" at m/z 183 supports this explanation (Fig. 4).
The C4,H,303 ion at m/z 215 (a 32 amu and O; difference from the carbony! hydroper-
oxide ion) trends with the C;,H»305 ion with a Pearson’s r of 0.986 and is the ion with
the highest correlation in the entire spectrum with C,,H,;O". A possible assignment
of Cy,Hx305 in correlation with Cy,H,30" is the PHA corresponding to the carbonyl
hydroperoxide (possible fragmentation at site 2 of PHA; see inset in Fig. 3). Although
the fragmentation of a PHA standard in the HR-ToF-AMS cannot be confirmed, the
chemical mechanism prediction of aldehyde formation in the gas-phase and evidence
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for hydroperoxides in the gas- and particle-phase suggest that PHA formation or other
oligomerization processes are possible.

Figure 9 shows the PMF factor time series with the top 3 correlating HR-ToF-AMS
ions. The CsH7O§L ion at m/z 75, which is a suggested hydroperoxide tracer (Table 4),
nearly overlaps factor 1 for the first 15 h, after which the time trend of C3H,O; decays
more slowly than factor 1; this is because the hydroperoxide functionalization could also
have a contribution to factor 2, or later generations of oxidation products. C,,H,;0" at
m/z 183 and Cy,H,305 at m/z 215 also have a high correlation, although these ions
grow in slightly after the hydroperoxide ion at m/z 75. The difference between the indi-
vidual ion trends and the PMF time trace is expected, since the PMF factor represents
the bulk variation of the aerosol composition over time and is not necessarily expected
to exactly overlap with individual ion trends. Additionally, due to the fragmentation in
the HR-ToF-AMS, single ions can contribute to multiple factors. The top 10 ions with
the highest Pearson’s r values for each factor show this effect (Fig. A1). The chemi-
cal interpretation of factor 1 is also supported by comparison to the CIMS gas-phase
measurement of positive mode m/z 204, the suggested product being the carbonyl hy-
droperoxide (Fig. 11, Yee et al., 2012) as well as the MOVI-HRToF-CIMS heating-mode
measurement of the C12H21O§ ion, which is likely the chemical ionization product of
a C,, dihydroperoxide (Fig. 12).

HR-ToF-AMS, CIMS, and MOVI-HRToF-CIMS measurements suggest that factor 2
represents the gas-phase partitioning of tri-functionalized products and their corre-
sponding PHAs (see pink shaded boxes in Fig. 3). Factor 2 correlates highly with HR-
ToF-AMS ion C12H230;r at m/z 199, which is the suggested ion tracer for the hydroxy
carbonyl hydroperoxide (OHCARBROOH). Factor 2 also correlates well with the CIMS
gas-phase positive mode m/z 219, which is the suggested dicarbonyl hydroperoxide
product (Fig. 11) and the MOVI-HRToF-CIMS heating-mode ion CqH;50; (Fig. 12).
The MOVI-HRToF-CIMS ion has higher oxygen content than ions trending with factor
1, which could suggest an additional functional group from further oxidation.
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Factor 3 is likely the gas-particle partitioning of multi-functional (4 or more func-
tional groups) products, as indicated by HR-ToF-AMS ion C10H15O§ at m/z 183 and
C12H1QO§ at m/z 211 (Fig. 8), which could be the tri-carbonyl hydroperoxide prod-
uct (TRICARBROOH). MOVI-HRToF-CIMS data also support the addition of a highly
oxidized product to the aerosol with the ion C4oH503 trend (Fig. 12). Although the
CIMS did not measure in the high m/z range necessary for identifying greater than
tri-functionalized gas-phase products, the CIMS gas-phase Cg carboxylic acid trace
shows continual increase. This is consistent with factor 3 growth, the potential for acid
formation in the chemical mechanism, and HR-ToF-AMS co; ion, which could be from
either acid formation or multifunctional products (Fig. 11). These results support factor
3 containing highly functionalized compounds, and acidic compounds, either from gas-
to-particle partitioning of highly oxidized products or possibly from condensed chemical
conversion from products in factors 1 and 2.

Factors 1 and 2 both exhibit a maximum with respect to time. A decrease after the
maximum owing to wall deposition alone, addressed in section 3.6, does not fully ex-
plain the decrease of these factors. The extent of evaporation of aerosol products is
difficult to interpret from the gas-phase data. Other processes, such as cyclization or
PHA oligomerization, are possible (Tobias and Ziemann, 2000; Ziemann, 2003) but
cannot be established unequivocally from HR-ToF-AMS data, as the fragments result-
ing from oligomerization are similar to many others. Masses greater than m/z 300 are
observed in the MOVI-HRToF-CIMS spectra, which, although difficult to assign exact
elemental formulas, may suggest that products greater than C;, exist in the aerosol.
Chemical conversion likely contributes to the decrease in factors 1 and 2 and increase
in factor 3 (although gas-phase partitioning of highly oxidized compounds could also be
contributing to the increase in factor 3). The percentages of mass greater than m/z 100
for factors 2 and 3 are 8 % and 5 %, respectively. The decrease of mass concentration
of ions correlating with factor 2 may be a result of fragmentation in the aerosol. Molec-
ular level identification of individual species from further MOVI-HRToF-CIMS analysis
would be necessary to confirm this.
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Other HR-ToF-AMS ions with 32 amu difference that support a C,,-functionalized hy-
droperoxide reacting with an aldehyde to form PHA are listed in Table 2. Other 32 amu
pairs with less than 12 carbons exist, and may come from hydroperoxide formation in
channel 1 of the mechanism containing fragmentation of carbon chains fewer than 12.

The proposed PHA tracer ions behave differently under reduced HR-ToF-AMS tem-
perature. In experiment 5 in Table 1, the HR-ToF-AMS 600 °C heater was turned off and
only ionization (no vaporization) was used to sample the aerosol. During the time when
the heater was turned off, the bulk of the organic ions decreased, since the ionization of
the aerosol is contingent upon its vaporization. However, signal generated by the ions
for the hypothesized PHA actually increased (Fig. 13). Since PHAs are unstable at high
temperature, the decrease in temperature would stabilize PHA, allowing the molecules
to be more available for ionization.

It is important to note that the latter half of experiment 2 provides useful information
in interpreting the chemistry of the aerosol. In the first 17 h, all of the factors show only
an increase (see Figs. 12 and A1). The time trends of factors 2 and 3 look very similar
in the first 17 h, but distinction becomes possible in the latter half of the experiment in
which factor 2 decreases and factor 3 increases (Fig. 7). This explains perhaps why,
in a shorter experiment, two factors explain the data better (see Appendix for further
explanation on the effect of PMF on different lengths of experiment).

3.6 Chamber processes

Deposition of aerosol to the chamber walls decreases the suspended aerosol mass.
PTOF-mode data are not available for the 34 h experiment discussed above. Exper-
iment 4 was carried out, with a similar initial dodecane concentration, to explore the
contribution from wall loss to the decrease in mass of the PMF factor time series. As
expected, the average diameter of the aerosol mass distribution grew with increasing
OH exposure (Fig. 14 and panels A1, A2 and A3 in Fig. 15 ). Since the wall loss rate
is a function of diameter (Fig. 14, Loza et al., 2012), the size of the aerosol and com-
position at that size are important for factor-dependent wall loss corrections. Panel B
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of Fig. 15 shows the PMF factors (only 2 for a shorter experiment; see Sect. A2) as
a function of time. “Time 1” is early in the experiment when the mass distribution is
expected to have a major contribution from factor 1. “Time 2” is at maximum growth in
time of factor 1 and a large contribution from factor 2, and “Time 3” is when factor 2 has
passed factor 1 in overall mass. The PMF results for the mass distributions (diameter
is the independent variable now instead of time) are shown with the overall organic
mass distribution to emphasize the contribution from factors 1 and 2 to each size bin
(panel A1, A2, and A3 with B on Fig. 15). Since factor 1 is the first to condense onto
the aerosol, some of its mass is lost more rapidly than factor 2, which condenses later
onto larger particles (which are lost by deposition at a slower rate). The mass fractions
of factor 1 and 2 were calculated for each size bin for 12 mass distributions; this in-
formation was used to adapt the wall deposition calculations carried out by Loza et al.
(2012) for individual factor wall loss corrections.

Even with wall loss correction, factor 1 shows a decrease, while factor 2 shows an
increase; the cumulative mass loss by wall deposition for factor 1 at the end of the
experiment is 18 ug m~3, which accounts for approximately 50 % of the decrease in
mass from the peak of factor 1 (panel C from Fig. 15). These results further support
the hypothesis that the mass in the aerosol is undergoing chemical conversion. It is
also important to note that the effects of wall loss on factors 1 and 2 differ as a result of
the size distribution of the aerosol when the factor emerges.

3.7 Van Krevelen diagram

The Van Krevelen diagram has been used to represent the evolution of HR-ToF-AMS el-
emental ratios, H:C vs. O:C, for both ambient and chamber-generated organic aerosols
(Heald et al., 2010; Ng et al., 2011; Chhabra et al., 2011; Lambe et al., 2011, 2012).
A slope of 0 on the diagram is consistent with peroxide or alcohol functionalization
without carbon chain fragmentation. A slope of —1 is consistent with carboxylic acid
or ketone/aldehyde and alcohol addition on the same carbon chain, and a slope of -2
is consistent with ketone/aldehyde addition (Van Krevelen, 1950; Heald et al., 2010).
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Lambe et al. (2012) report the slopes for low-NO, photooxidation of long-chain alka-
nes (C4q, Cy5, and C47) in a PAM reactor in two regimes in terms of the O:C ratio. For
0:C < 0.3, the slope is relatively steep (-1.3 £0.2), while for O:C > 0.3 the slope be-
comes less negative (-0.7 £ 0.1). Lambe et al. (2012) attribute this change in slope to
a transition from functionalization to fragmentation-dominated reactions. The dodecane
aerosol composition data presented here lie primarily in the regime where O:C < 0.3,
with a slope of —1.16 that is consistent with Lambe et al. (2012) in this O:C range.

As discussed by Ng et al. (2011) and Lambe et al. (2012), the slope on a Van
Krevelen diagram can represent a combination of several functionalities and gener-
ally requires molecular level information for further interpretation. The PMF analysis
links the HR-ToF-AMS aerosol spectrum to molecular level detail when compared to
measurements from CIMS and MOVI-HRToF-CIMS. Concurrent with our chemical un-
derstanding, over 34 h of oxidation, the dodecane low-NO, system is characterized by
the addition of peroxides and ketone/aldehyde functionalization, as opposed to solely
carboxylic acid formation. PMF factor 1 (black marker in Fig. 16) overlaps the bulk com-
position data (grey markers) near the initial growth at low OH exposure. Factor 2 (red
marker in Fig. 16) has a similar H:C ratio as factor 1, but higher O:C ratio. The slope
between factors 1 and 2, my, = 0.12, is characteristic of either hydroxy or peroxide
addition. We have already shown that factor 2 describes the gas-phase partitioning of
hydroperoxide species (Sect. 3.5). The addition of hydroperoxide functional groups is
not obvious from the bulk H:C and O:C ratios (slope = —1.16), but only from the PMF
factor elemental ratios. The H:C and O:C ratios of factor 3 (green marker in Fig. 16)
overlap the data (grey markers) at the end of the experiment. The slope from factor 2
to 3, my3 = —1.78, is characteristic of the addition of products with carbonyl or ketone
functionalization. The slope between factor 1 and 3, my3 = -1.19, is consistent with
either carboxylic acid formation or ketone/aldehyde and alcohol addition to a product in
factor 1. The slopes between the factor elemental ratios help indicate the combinations
of functionality in the aerosol, with more clarity than 1 slope from the bulk elemental
analysis.
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4 Conclusions

In the present work, PMF has been applied to chamber HR-ToF-AMS mass spectra to
deduce the chemical and physical processes associated with low-NO, dodecane SOA
formation and aging. PMF untangles some of the complexity of SOA mass spectra
by providing a mass spectral signature, with ion tracers, associated with a group of
molecules at a distinct oxidation level. Factor 1 represents the gas-phase partitioning
of initial oxidation products with two functional groups. Factor 2 is the further oxidized,
tri-functionalized products incorporating into the particle, and factor 3 is the partitioning
of extended oxidation products quadruply functionalized. All three factors could also
include oligomerization processes and contributions from wall loss.

An octadecane low-NO, photooxidation experiment was conducted to develop a hy-
droperoxide standard for the HR-ToF-AMS, from which the alkyl-ion tracer C18H§7 at
m/z 253 and C3H,0; at m/z 75 were identified as hydroperoxide ion tracers. With the
PMF factor results, in combination with the SOA mechanism (CIMS) and MOVI-HRToF-
CIMS measurements, the proxy hemiacetal (PHA) ion tracers were proposed, such as
the C4,H,30" at m/z 183 and Cy,H,30; at m/z 215 for the carbonyl hydroperoxide-
PHA.

The Van Krevelen diagram of the data, supported by the chemical interpretation of
the dodecane low-NO, oxidation, is consistent with the addition of peroxides and ke-
tone/aldehyde functionalization rather than solely carboxylic acids. While the bulk ex-
perimental elemental ratios exhibit a slope of —1.16, the change in H:C and O:C ratios
from factors 1 to 2 reveals a slope of 0.12, strongly indicating hydroperoxide addition
to the aerosol. The elemental ratios between factors 2 and 3 have a slope of —1.78,
indicating addition of aldehyde/carbonyl functionalization, and that the slope between
factor 1 and 3 is —1.19, indicating either carboxylic acid formation or aldehyde/ketone
and alcohol addition. With the aid of the PMF results, the experimental data displayed
on the Van Krevelen diagram can be broken down into contributions from different types
of functionality.
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Size-dependent composition was utilized to determine the extent of wall loss deposi-
tion affecting factors 1 and 2. The wall deposition contributed differently to each factor,
but does not entirely explain the factor mass decrease; the decrease unexplained by
wall loss deposition is attributed to chemical aging of the aerosol.

The chamber photooxidation HR-ToF-AMS PMF results facilitate the interpretation
of SOA chemical and physical processes by linking the bulk AMS aerosol composition
data to molecular level information provided by CIMS and MOVI-HRToF-CIMS mea-
surements.

Appendix A

PMF solution

A SOA formation from a single source in a laboratory is characterized by smooth
aerosol growth; the well-behaved nature of ion signals and their associated errors is
ideal for application of PMF. The ions included in PMF analysis and the solution justifi-
cation are discussed here. The organic matrix was calculated using PIKA’s “open” mi-
nus “closed” option for high-resolution ions with an average signal-to-noise ratio (S/N)
greater than 0.2. Signals with a S/N between 0.2 and 2 were down-weighted by a fac-
tor or 3, as recommended by Paatero (2003). The error matrix was calculated in PIKA
in the standard way using “open” minus “closed” errors. The errors (o) normalize the
residuals (e) for the minimization function routine of PMF (Q); therefore, good quantifi-
cation of errors is needed. For an input matrix of n x m, the PMF minimization function
from (Ulbrich et al., 2009) is

Q= z Z(eij/oij)z-

i=0 j=0

(A1)

Careful consideration was given when choosing the ions for PMF. Even though the ion
may appear to be present in the ion fitting window in PIKA, sometimes the time trend
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of this ion is too noisy for PMF. Noisiness in the time trend can be introduced when
there are (a) ions that are in the shoulder of a larger ion at the same nominal mass
(i.e., C3H3O;Z is in the shoulder of the much larger ion CgH,O" at m/z 119), (b) ions
that are in the valley of two larger ions at the same nominal mass (i.e., the C3H; ion
is in between C3Hz;03 and C,H,0, at m/z 87), (c) ions that exhibit a strong signal in
the closed spectra, but only a small signal in the difference spectra (i.e., C10H; at m/z
127), and/or (d) an ion is coincident with another ion that is expected to be there (i.e.,
the isotope of N3 ion and CHO™ ion are extremely close in exact mass). If ions like
the ones mentioned above are included in PMF, then there is considerable noise in the
time trend of Q/Qeypected- This noisiness results from peak-fitting ions that experience
large interference from other (often larger) ions, and should not be considered for PMF.
An effective diagnostic to determine which ions to exclude from PMF is to calculate the
S/N of each ion using the errors generated in PIKA (S/Ng,,), and then compare that
to the S/N using the observed noise (S/N,sc)- The observed noise is calculated by
smoothing the data using the binomial smoothing function in Igor (order of smoothing
is chosen by user) and then subtracting the data from the smoothed data at each time
point. Since the equation for errors in PIKA does not consider noise introduced by ion
fitting (in the a, b, ¢, and d scenarios described above), the S/N,,;c iS @ good way to
assess how well the ion is quantified. If S/Ng,,, is much different than the S/N,,,;se, then
either the ion should not be fit because it is a minor ion, or it is an ion described by
a, b, ¢, or d above and should be removed from PMF analysis. Figure A2 shows the
time-averaged error vs. time-averaged noise for each ion. The marker is labeled by the
ion it represents and is sized and colored by its S/N. A marker lying on the y = x line
means that the calculated errors in PIKA captured the noisiness of the ion, which is
essential for PMF analysis. The noisiness in the Q/Qeypecteq time trend results from
some noisy ions that were selected to remain in the input PMF analysis, because the
time trend of the ions, albeit noisy, appears to contain useful time trend information.
This must be decided by the user for each system analyzed with PMF. No smoothed or
averaged data were used for PMF.
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The optimization function (Q) for PMF involves the minimization of the scaled residual
at each mass over time (Ulbrich et al., 2009). Figure A3 shows the initial decrease in
Q/Qexpected With the addition of one factor from p = 1to p = 2, which is expected for any
dataset with enough variability to run PMF. And then there is a slight decrease between
p =2 and p =3. After p =3, the decrease in Q/Qeypecteqd is SMall and continues to
decrease by the same amount with each increase in p and never flattens out. At p = 3,
the solution has reached a point at which no additional information is gained in adding
another factor. It is useful to remember that, in PMF, the factor mass spectral profiles
are constant, and so one has to assume that the same is true for the actual SOA.
The numerous processes associated with continuous oxidation of the gas and aerosol
phase may invalidate this assumption, and so this may be why the Q/Qeypecteq NEVEr
flattens out. This behavior can make it difficult to select a solution. A good strategy is
to examine how both specific ions and the majority of the ions are reconstructed by
the factorization and if individual high m/z ions (tracer ions) trend with each factor time
series (see Fig. 9).

The time series of the sum of the residuals and the Q /Qeypecteq IS also useful in deter-
mining a solution. Any major structure in either of these parameters would suggest that
additional factors are needed to describe the data. Figure A4 shows these two parame-
tersforthe p =1, p =2, p = 3 and p = 4 solution for all the ion iterations of PMF. There
is clear structure in in both the p = 1 and p = 2 solutions, whereasthe p =3 and p =4
solutions have a flat sum of residuals and a relatively flat and small Q/Qeypecteq- There
is little difference between the p =3 and p = 4 solutions, so the addition of another
factor would not enhance the information learned from the factorization from a residual
point of view. The reason why the Q/Qeypecteq has a slightly curved shape for both the
p =3 and p = 4 solutions arises from variability in the mass spectra that is beyond what
is explained by the input noise. This may be a consequence of the composition of the
aerosol becoming more complex, combined with the assumption of PMF that the factor
must have a constant mass spectral profile (which does not hold with these systems).
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The solution was chosen by running several iterations of PMF on the same dataset.
As explained by Ulbrich et al. (2009), the PMF solution can be systematically explored
by varying p (the factor number) and two other parameters (the seeds and the fpeaks).
The 3-factor solution was uniform across many seeds, but not across fpeaks. Figure A5
shows the effect of fpeak for the 3-factor solution. Factor 3 shows little difference for
varying solutions; however, factors 1 and 2 seem to trade off mass between the different
types of solutions. The minimum of Q/Qeypecteq OCCUrS at fpeak = 0.2 (see inset of
Fig. A5), which was chosen as the solution. This solution had good agreement with the
time series comparison with high m/z HR-ToF-AMS molecular ion tracers (Fig. 9) and
with the CIMS and MOVI-HRToF-CIMS measurements (Fig. 11).

The solution of PMF will only be as descriptive as the data matrix itself. In a chamber
experiment, the initial mass spectra reflect the chemistry of early aerosol formation
and are not necessarily the same as those later in the oxidation. Figure A6 shows the
Q/Qexpectea V8- factor number, p, for the 1-seed solution from experiment 2 for “all h”,
“first 18 h”, and the “last 18 h”. For the 1-factor solution (p = 1), the “first 18 h” solution
has the lowest Q/Qqypected- The “all h” solution has the highest Q/Qeypectedr @nd the
“last 18 h” is in between. This trend is the same for p = 2. The first 18 h solution is
lower than the last 18 h, because chemically the mass spectra are less complex at the
beginning of the experiment, and p = 1 or p = 2 describes much of the data (there
is less variability earlier on, in comparison to the full 34 h solution). As the oxidation
progresses, the aerosol composition becomes more complex, as higher m/z oxygen-
containing ions are observed in the mass spectra, in addition to those observed at
initial aerosol growth. For the same Q/Qeypected Value, the last 18 h (and all h) solution
requires more factors to describe the data to the same degree as the “first 18 h”. Three
factors best describe the “all h” solution and the “last 18 h” solution since the third factor
grows in at about 18 h. The “first 18 h” solution would not “see” this third factor (since it
only covers the first 18 h), so only 2 factors are necessary to describe the variability in
the input data matrix.
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Table 1. Experimental conditions for dodecane low-NO, photooxidation.

Exp # Duration (h) Initial Seed Initial HR-ToF-AMS mode
hydrocarbon type seed volume
conc. (ppb) (um®cm™3)
1 18 34 AS 9.1 MS-mode, (V and W)
2 34 34 AS 11.4 MS-mode (V and W)
3 18 33 AS 12.0 MS-mode (V and W)
4 18 50 AS 141 MS-mode(V and W), PTOF-mode (V)
5 18 300 AS 34.7 MS-mode (V and W), turned heater off
16674
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Table 2. lon fragments.

m/z lon Possible identification

169 Cy,Hs Hydroperoxide, hydroperoxide-PHA?

201 Cy,H,50;  Hydroperoxide-PHA

185 C,,H,sO"  Hydroxy hydroperoxide, hydroxy hydroperoxide-PHA

217 Cy,Hxs05  Hydroxy hydroperoxide-PHA

183 C,,H,30"  Carbonyl hydroperoxide, carbonyl hydroperoxide-PHA

215 C;,H,30;  Carbonyl hydroperoxide-PHA

197 C12H2105 Dicarbonyl hydroperoxide,dicarbonyl hydroperoxide-PHA

229 C;,H,O; Dicarbonyl hydroperoxide-PHA

199 C;,H,30, Hydroxy carbonyl hydroperoxide, hydroxy carbonyl hydroperoxide-PHA
231 Cy,H,30;  Hydroxy carbonyl hydroperoxide-PHA

& PHA = peroxyhemiacetal.
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Table 3. HR-ToF-AMS ions with highest Pearson’s r values for fpeak = 0.2 solution.

Pearson’s r  lon lon mass Pearson’sr lon lon mass Pearson’sr lon lon mass
with factor 1 formula (ug m’3) with factor 2 formula (Mg m‘s) with factor 3 formula (Mg m'3)
0.888964 Cy,H,50 183.175 0.992157  Cy,H,30,  199.17 0.978408 C,,H;50; 183.102
0.858995 CyoHo305  215.165 0.975248  CgHy; 109.102 0.970308  C,H504 101.024
0.854958 C3H,0, 75.0446 0.973654  C,H;30 113.097 0.95434 CgH10;  155.071

0.851494 CeHip 84.0939  0.973188  C,Hi5 97.1017 0953511  CcH,0,  115.039
0.835077 CsH410, 103.076 0.972338  Cg4H;50 127.112 0.949821 CyH{30;  169.087
0.830188 C4Hy0, 89.0603 0.972216  C,Hy, 95.0861 0.947504 C,H,;0;  143.071
0.83002 CsHio 70.0782  0.970214  Cy,Hy0, 197.154  0.94481  Cy,H,0; 211.133
0.819021 C,Hy, 98.1096 0.969585  CgH5 123.117 0.943721 CioHic05  184.11

0.812879 C,H;50, 61.0289 0.969189 sH11 83.0861 0.941672 10H130;  181.087
0.775934 C.H, 56.0626  0.968232  CgH;0 99.081 0.939138  C,H,0,  87.0082
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Table 4. Distinct ions present in early C,5 SOA formation.

lon Exact % Difference from Mass
formula mass C,g conden- fraction in
sation MS® SOA spectrum

CyH,0, 75.0446 0.99 0.0005
Cco 27.9949 0.99 0.0007
CO, 43.9898 0.99 0.0007
C 12.0000 0.99 0.0006
C,H,0 42.0106 0.99 0.0017
CHO, 44.9977 0.99 0.0006
CH 13.0078 0.99 0.0006
CHg 15.0235 0.99 0.0048
CsH3 63.0235 0.99 0.0006
CigHyy  253.2900 0.98 0.0005
CsH,0 83.0497 0.98 0.0024
C4H,O 73.0653 0.98 0.0014
C,H;0 43.0184 0.97 0.0174
CeHg 78.0470 0.96 0.0014
CH;0 31.0184 0.95 0.0027
C,H, 26.0156 0.95 0.0066
C3H,0  59.0497 0.95 0.0036
C,Hs;0 45.0340 0.94 0.0084
CzH 37.0078 0.94 0.0008
C4H, 50.0157 0.94 0.0009
C3H;0 55.0184 0.94 0.0072
CHO 29.0027 0.93 0.0103
CyH, 52.0313 0.93 0.0012
C,Hs0, 61.0289 0.93 0.0007
C3HsO  58.0419 0.93 0.0118
C3H,0  56.0262 0.93 0.0010
CsHs0 81.0340 0.92 0.0010
C4Hs 53.0391 0.92 0.0074
CzH, 40.0313 0.92 0.0041
CsHi O 86.0732 0.92 0.0005
CsHO  87.0810 0.92 0.0005
CyH, 115.0550 0.92 0.0006
C,HsO 70.0419 0.92 0.0019
C,H,0 44.0262 0.92 0.0167
CgHg 80.0626 0.92 0.0013
C3H, 38.0157 0.91 0.0020
CyHs 27.0235 0.91 0.0390
CsHs 65.0391 0.91 0.0020
CgHyO  99.0810 0.91 0.0015
C,H,0 71.0497 0.91 0.0089
CyHs 39.0235 0.91 0.0271
C,4H, 51.0235 0.91 0.0016
C3;HsO  57.0340 0.90 0.0158

2 (early oxidation MS — condensation MS)/condensation MS.
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Fig. 1. Schematic of SOA formation and aging. The red/blue compound represents an oxidized
product (A%") that can either partition into the aerosol (A”) or become oxidized to the red/purple
compound (red since it retains some of its original form, but oxidation has added new function-
ality to it, C?"), and then condenses into the aerosol phase (C”). Both of these processes are
considered SOA formation. In some cases, the red/blue compound can evaporate back to the
gas phase (BY) once the initial red/blue has reacted away (gas-phase pump). Or, the compound
can fragment in the aerosol, pieces of which can then react further (B”) or evaporate and be-
come more oxidized (A?). Additionally, the red/blue compound can undergo phase transition to
ultra low volatility and remain in the the aerosol (the brown). These remaining processes are
considered as aging.
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Fig. 16. Van Krevelen diagram for low-NO, photooxidation of dodecane. HR-ToF-AMS bulk
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line. The marker is labeled by the ion it represents and is colored and sized by the S/N ratio
of that ion. If the marker lies directly on the y = x line, this means the calculated errors have
captured the noise in the ion signal, which is critical for PMF analysis. this means the calculated
errors have captured the noise in the ion signal, which is critical for PMF analysis.
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Fig. A3. C)/OeXID vs. p, number of factors. The solution chosen is highlighted by the yellow circle.
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Fig. A4. The ratio of Q/Qepected fOr p = 1, 2, 3, and 4 is used as a diagnostic in determining the
number of factors in PMF analysis. Time series trends of Q/Qeypected fOr p = 1 through p = 4
solutions (A) and (B) clearly show that at least three factors are needed to describe the solution.
The difference between the p = 3 and 4 solutions is minor, with the p = 4 solution having the
same trend as the p = 3, but with less noise. The Q/Qgypecreq at €ach m/z for p =1 through
p = 4 solutions and (C) and (D) shows similar results, just for the m/z dependence. The overall
time trend and m/z contributions to the Q/Qpected at €ach factor are also presented (E).
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Fig. A5. The change in fpeak affects factors 1 and 2 more than factor 3. The increase in factor
1 explains the decrease in factor 2 when fpeak changes from 0 to 1. The same effect occurs
when the fpeak changes from 0 to —1. There is a small change in factor 3, but overall trend and
magnitude remain the same for factor 3. The minimum in Q is associated with an fpeak of 0.2.
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Fig. A6. Q/Q,,, vs. p for 3 types of solutions.
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