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Recent studies suggest that semivolatile organic compounds (SVOCs) are important precursors
to secondary organic aerosol (SOA) in urban atmospheres. However, knowledge of the chemical
composition of SVOC:s is limited by current analytical techniques, which are typically unable to
resolve a large number of constitutional isomers. Using a combination of gas chromatography
and soft photoionization mass spectrometry, we characterize the unresolved complex mixture
(UCM) of aliphatic hydrocarbons observed in Pasadena, CA (~16 km NE of downtown Los
Angeles) and Bakersfield, CA during CalNex 2010. Knowledge of molecular structures,
including carbon number, alkyl branching, and number of rings, provides important constraints
on the rate of atmospheric processing, as the relative amounts of branched and linear alkanes are
shown to be a function of integrated exposure to hydroxyl radicals. Emissions of semivolatile
branched alkanes from fossil-fuel related sources are up to an order of magnitude higher than
those of linear alkanes, and the gas-phase OH rate constants of branched alkanes are ~30%
higher than their linear isomers. Based on a box model considering gas/particle partitioning,
emissions and reaction rates, semivolatile branched alkanes are expected to play a more
important role than linear alkanes in photooxidation of the UCM and subsequent transformations
into SOA. Detailed speciation of semivolatile compounds therefore provides essential

understanding of SOA sources and formation processes in urban areas.

Introduction

Organic matter represents a major fraction of ambient aerosol. A large fraction of organic aerosol
(OA) is formed from oxidation of gas-phase hydrocarbons, and is known as secondary organic
aerosol (SOA) [Zhang et al., 2007]. However, current atmospheric models typically

underestimate the budget of SOA, highlighting a lack of understanding in the sources and
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transformation processes of organic compounds in the atmosphere [Goldstein and Galbally,
2007]. Recently, it has been proposed that oxidation of semivolatile organic compounds
(SVOCs) is a major source of SOA, particularly in urban atmospheres [Pye and Seinfeld, 2010;
Robinson et al., 2007]. SVOCs are defined as compounds which have effective saturation
concentrations (C*) between 0.1 and 10 pg m™. Owing to the low vapor pressures of SVOCs and
of their subsequent reaction products, oxidation of SVOCs is expected to have significantly
higher SOA yields than more volatile precursors, and, despite lower emissions, could dominate
SOA formation in urban areas. Models that incorporate transformations of SVOCs to SOA yield
better predictions of the total amount of SOA and its seasonal variability [Hodzic et al., 2010;
Robinson et al., 2007]. However, these models tend to underestimate the observed O/C ratios,
and fail to capture the diurnal variations [Hodzic et al., 2010] and vertical profiles of SOA
[Heald et al., 2011], suggesting that the atmospheric chemistry of SVOCs leading to SOA
formation is poorly understood. Their relative oxidation rates and mechanisms, the two key
factors that determine the amount and properties of SOA formed, are currently extrapolated from

those of smaller carbon numbers.

Detailed knowledge of the identities and chemistry of semivolatile compounds is challenging, as
the chemical composition is highly complex and current analytical techniques are unable to
separate and identify these compounds. While gas chromatography-mass spectrometry (GC/MS)
has been the most common method for speciating these compounds, atmospheric sources often
emit a large number of compounds, which cannot be separated by traditional GC methods. As a
result, many atmospheric samples contain a large unresolved peak in chromatographic analyses,

often referred to as the unresolved complex mixture (UCM) [Schauer et al., 1999]. The UCM
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can account for more than 80% of semivolatile emissions from diesel [Schauer et al., 1999] and
gasoline engines [Schauer et al., 2002], representing a major fraction of SVOCs in urban areas
[Williams et al., 2010b]. Furthermore, the UCM is ubiquitous in environmental chemistry, often
found in samples associated with fossil fuel use [Frysinger et al., 2003; Nelson et al., 2006;

Ventura et al., 2008].

The UCM is thought to contain a large number of constitutional isomers, most of which are
linear (also termed straight-chained or normal), branched, or cyclic alkanes [Mao et al., 2009]. In
contrast, aromatic compounds comprise only a minor fraction of the UCM [Van Deursen et al.,
2000]. Owing to the challenges in speciating alkane isomers, SVOCs have typically been
classified by volatility only, inferred from thermodenuder measurements or gas chromatography
retention times [Grieshop et al., 2009; Presto et al., 2012], which then serve as inputs into the
aforementioned models [Hodzic et al., 2010; Pye and Seinfeld, 2010]. Information about
molecular structures is generally overlooked. However, the number of rings and alkyl branches
in alkanes strongly affect their oxidation chemistry and their SOA yields [Lim and Ziemann,
2009; Tkacik et al., 2012]. Molecular structure also plays an important role in other degradation
pathways of environmentally relevant complex mixtures [Nelson et al., 2006]. As a result,
knowledge of molecular structure is crucial to understanding the sources and environmental fate

of these hydrocarbons.

The main objective of this work is to characterize the molecular composition of ambient UCM,
classify the components by molecular structure for use in future models of urban atmospheres,

and use this detailed information to understand their atmospheric processing and SOA formation.
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Previously, we have demonstrated that constitutional isomers present in diesel fuel can be
characterized using gas-chromatography coupled to vacuum ultraviolet ionization mass
spectrometry (GC/VUV-MS) [Isaacman et al., 2012a]. We combine this technique with
comprehensive 2-dimensional gas chromatography (GCxGC/VUV-HR-TOFMS) to characterize
in detail the composition of ambient semivolatile compounds observed during the California
Research at the Nexus of Air Quality and Climate Change (CalNex) campaign in summer 2010.
The samples were collected at two urban sites in California (Pasadena, CA and Bakersfield, CA).
Using detailed speciated measurements of linear, branched and cyclic alkanes in the UCM, we
constrain their relative oxidation rates and provide valuable insights into their sources,
processing and relative contributions to SOA formation. The utility of the analytical technique in
resolving aliphatic, aromatic and polar species observed in the ambient atmosphere is also

discussed.

Methods

Sampling locations

The samples described in this manuscript were collected at two urban sites in California
(Pasadena, CA and Bakersfield, CA) as part of the CalNex field campaign in the summer of 2010
(www.esrl.noaa.gov/csd/calnex/). Pasadena sampling was conducted on the campus of the
California Institute of Technology, ~16 km NE of downtown Los Angeles (hereafter referred to
as the LA site). Two PM; s samples from the LA site, collected on Sunday May 30 (3:00 — 6:00
PM local time) and Saturday June 5 (midnight — 11 PM local time), were selected for analysis
under VUV ionization, as these two days represented different degrees of photochemical aging,

the significance of which will be discussed below. 54 samples from the intensive filter sampling



137  periods, collected at a time resolution of 3 to 6 hours, were analyzed under electron impact (EI)
138  ionization. Sampling at the Bakersfield site was conducted at the southeast edge of the city, co-
139  located with other instruments participating in the field campaign. Two 23-hour samples,

140  collected on Friday June 18 and Wednesday June 23 from midnight to 11 PM local time, were
141  selected for VUV analysis. These two samples, along with 32 other daily (midnight — 11 PM)
142 filter samples were also analyzed under EI. All samples collected from the Pasadena site were
143 collected on quartz fiber filters (Tissuquartz'™ Filters, 2500 QAT-UP, Pall Life Sciences), which
144 were 20 cm x 25 cm, allowing for high-volume PM, s sampling at ~1 m’ min™. All samples

145 collected from the Bakersfield site were collected on 86 cm” quartz fiber filters (Pall Life

146  Sciences); however, medium-volume PM, s sampling at 226 L min’' was conducted. All filters
147  were pre-baked at 550 °C to remove any organic contaminants. Filter samples were stored in a
148  freezer at —18 °C until chemical analysis. Field blanks were collected every 7—10 days by

149  placing a pre-fired quartz fiber filter into the sampler for 15 min before removing and storing in
150  the same manner as the field samples. Analysis of both field and laboratory blanks showed no
151  significant aliphatic contaminants on pre-fired quartz filters.

152

153  Additional samples collected during a study conducted at the Caldecott Tunnel in Oakland, CA
154  were also analyzed for comparison [Dallmann et al., 2012]. Here we focus our analysis on 2
155  weekday filter samples collected in the gasoline-only bore, and 5 samples collected in the mixed
156  gasoline/diesel bore (4 weekday and 1 weekend samples). Emissions during collection of the 2
157  weekday samples from the gasoline-only bore and the weekend sample from the mixed bore are

199

158  expected to be dominated by gasoline vehicles (3 “gasoline-dominated” samples), while

159  emissions during the 4 weekday samples in the mixed bore are expected to be dominated by
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diesel vehicles (4 “diesel-dominated” samples). In addition to thermal desorption of filter
samples, SAE 10W-30 motor oil and 3 samples of crude oil extracted and refined in the San
Joaquin Valley region were also analyzed for their chemical composition. The origins of the

crude oil samples are confidential for proprietary reasons.

Speciation of semivolatile hydrocarbons

Selected samples were analyzed using comprehensive 2-dimensional gas chromatography
coupled to a vacuum-ultraviolet high-resolution time-of-flight mass spectrometer
(GCxGC/VUV-HRTOFMS). Filter punches (total area of 1.6 cm?) were thermally desorbed at
320 °C under helium using a thermal desorption system and autosampler (TDS3 & TDSA2,
Gerstel). Desorbed samples were focused at 20 °C on a quartz wool liner in a cooled injection
system (CIS4, Gerstel) before they were introduced into a gas chromatograph (GC, Agilent
7890). For motor oil and crude oil, samples diluted in chloroform were directly injected via a

septumless inlet into the GC.

Comprehensive GCxGC was performed using a 60 m x 0.25 mm X 0.25 pm non-polar capillary
column (Rxi-5Sil MS, Restek) for the first-dimension separation (by volatility), and a medium-
polarity second dimension column (1 m % 0.25 mm x 0.25 um, Rtx-200MS, Restek). A dual-
stage thermal modulator (Zoex), consisting of a guard column (1 m % 0.25 mm, Rxi, Restek),
was used as the interface between the two columns, where the effluent from the first column was
cryogenically focused and periodically heated for rapid transfer into the second column. The

modulation period was 2.4 seconds.
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Effluent from the second column was analyzed using a high-resolution (m/Am ~ 4000) time-of-
flight mass spectrometer (HTOF, Tofwerk) coupled to the Advanced Light Source at Lawrence
Berkeley National Laboratory. Single photon ionization by the vacuum ultraviolet (VUV) beam
used here is similar to that reported previously [Isaacman et al., 2012a]. In brief, photons of 10.5
eV with an energy distribution width of 0.2 ¢V and an intensity of ~10'° photons s™' were
generated by the Chemical Dynamics Beamline (9.0.2). The photon beam was introduced
orthogonally to the GC effluent, and ionized molecules were accelerated into the extraction
region. Since the ionization energies of most organic compounds are between 8 and 11 eV, the
minimal excess energy (compared to electron impact ionization at 70 eV) limits fragmentation of
ionized molecules, allowing for significant detection of the molecular ions (M™). The ion
chamber was maintained at 150 °C to minimize fragmentation. All LA and Bakersfield samples

were also analyzed under EI at 70 eV, using a standard tungsten filament.

The molecular ion signals for linear, branched and cyclic alkanes under VUV ionization are used
as the basis for quantification [Isaacman et al., 2012b]. Details about the calibration method
based on molecular structures are described in Appendix A of the Supplementary Material. The
adjusted molecular ion signals were then quantified based on known quantities (5 ng each) of
perdeuterated internal standards (n-hexadecane-dss, N-eicosane-ds,, N-tetracosane-dsp, and Nn-
octacosane-dsg, C/D/N Isotopes) spiked onto the filter punches prior to analysis. In quantifying
the aliphatic hydrocarbons, only the UCM region of the chromatogram was considered (second
dimension retention time between 0.4 and 0.9 seconds). Polycyclic aromatic hydrocarbons
(PAHs) and highly oxygenated compounds are not expected to elute in this region. In addition,

signals of oxygen-containing molecular ions were removed by high-mass-resolution data
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processing procedures [Isaacman et al., 2012b], such that only aliphatic molecular ions (CyH,")
were considered for quantification. All data processing and visualization of GCxMS data were
performed using custom code written in Igor 6.2.2 (Wavemetrics), while visualization of 2-
dimensional chromatography data and detection of chromatographic peaks were carried out

using GC Image software (LLC).

Other measurements

Co-located measurements of volatile organic compounds (VOCs) by in situ GC/MS are also used
for comparison. Details of the GC/MS technique used in LA are described by Gilman et al.
[2010]. Average photochemical age of air masses at the LA site was calculated using the ratio of
1,2,4-trimethylbenzene to benzene [Borbon et al., 2012; Parrish et al., 2007]. GC/MS
measurements of light hydrocarbons at the Bakersfield site were used for source identification

purposes. Details of the GC/MS technique are described by Gentner et al. [2012].

Results and Discussion

Resolving the UCM using GCxGC and GCxMS

Figure 1 shows the total integrated ion chromatogram of the LA and Bakersfield samples under
VUV ionization. Similar to previous work using GCxGC to analyze atmospheric samples, PAHs
and oxygenated compounds, such as acids and ketones, are readily separated from aliphatic
compounds [Worton et al., 2012]. Examples of these peaks are provided in Fig. S-2 in the
Supplementary Material. Despite the increased peak capacity, there is still a large unresolved
“hump” in the nonpolar region of the chromatogram, representing the UCM. The dominance of

the UCM is present in most ambient samples that were analyzed by EI. The inability of GCxGC



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

to resolve these aliphatic hydrocarbons is likely due to the large number of possible
constitutional isomers [Goldstein and Galbally, 2007], resulting in overlapping volatilities. In
addition, even though the isomers are structurally different, all hydrocarbons are nonpolar and
are essentially unretained in a polar column, resulting in poor second-dimension resolution.
Further chromatographic separation of the UCM can be performed using other column pairings
[Nelson et al., 2006], reversed-phase chromatography [Vogt et al., 2007], or coupled liquid
chromatography-GCxGC [Mao et al., 2009]. However, in analyzing atmospheric samples, a
polar column is preferred owing to the need for also separating aromatic and oxygenated
compounds which are prevalent. Orthogonal separation by volatility and polarity also allows for
convenient inputs into 2-dimensional frameworks used to model evolution of organic compounds

in the atmosphere [Isaacman et al., 2011; Jimenez et al., 2009].

In this work, the aliphatic UCM is characterized by a novel method using a combination of gas
chromatography and soft VUV photoionization. Traditional GC/MS employs electron impact at
70 eV as the ionization technique, which imparts a large amount of excess energy and causes
extensive fragmentation. While the fragmentation mass spectra can in many cases be useful for
compound identification, aliphatic compounds have almost identical fragmentation patterns, with
a large fraction of signal at m/z 41, 43, 55, 57, 69, 71 etc. (corresponding to CyHoyi1 " and CyHox "
ions, where X is typically between 3 and 6). As a result, these compounds cannot be distinguished
from each other, as illustrated in Fig. 2a. Soft ionization retains the identity of a molecule by
maximizing the relative signal of the molecular ion, albeit at the loss of ionization efficiency.
Similar to aliphatic compounds in diesel fuel shown in our previous study, coupling soft

ionization with volatility-based GC separation allows hydrocarbons in the UCM in the ambient
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atmosphere to fall into distinguishable patterns in a GCxMS plot (Fig. 2b) [Isaacman et al.,

2012a; Wang et al., 2005].

In the GCxMS diagram, each cluster corresponds to a carbon number. Within each carbon
number, the molecular formulas can be identified from molecular weights of parent ions, shown
on the y-axis. As a result, the complex mixture can be speciated by number of carbon atoms and
the number of double bond equivalents, Npge, which is the total number of rings and C=C double
bonds. In the samples from both urban sites, the observed UCM lies in the range of 20 to 25
carbon atoms. In this range, alkanes have saturation vapor pressures between 9 x 10%and 9 x 10°
% torr (saturation concentrations between approximately 2 pg m” and 200 pg m” at 298K), and
are therefore semivolatile and expected to exist in both the particulate and gas phases under
atmospheric loadings [Williams et al., 2010a]. It must be noted that smaller, more volatile
hydrocarbons are expected to be abundant, but cannot be effectively and quantitatively collected
on quartz filter samples used in this study. Most hydrocarbons observed have Npge < 6. Alkenes
in this molecular weight range are highly reactive and are not expected to be significant in
atmospheric samples. While alkene production from thermal decomposition of labile compounds
(containing oxygen or nitrogen) cannot be ruled out, the distributions across different Npge
classes were similar to those observed in unoxidized motor oil [Isaacman et al., 2012b].
Therefore, cyclic alkanes (not alkenes) are expected to dominate aliphatic compounds observed

with Npge > 0 in Bakersfield and LA, similar to alkanes found in motor oil.

Within each DBE class, gas chromatography provides separation of isobaric compounds (with

the same molecular formula) by volatility. Since branched alkanes are more volatile than their
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linear counterparts of the same carbon number, they elute earlier relative to the respective linear
alkane from the first dimension column. As shown in Fig. 2¢, good chromatographic resolution
is achieved for linear and branched alkanes with Npge = 0. Unlike in diesel fuel [Isaacman et al.,
2012a] but as observed in motor oil [Isaacman et al., 2012b], structural isomers are not well
resolved for Npgg > 0. This is most likely due to the higher carbon number range of the ambient
UCM, and, hence, a greater number of possible E/Z configurations. As a result, mass
concentrations of branched isomers are only reported for acyclic alkanes (Npge = 0). Following
the naming convention of our previous work, we refer to branched isomers which contain X alkyl
branches as BX isomers. For example, BO refers to the linear alkane, B1 refers to alkanes with 1

alkyl branch etc.

To the authors’ knowledge, this work represents the most detailed characterization of the UCM
in atmospheric samples to date. The calibrated masses of linear, branched and cyclic alkanes for
carbon numbers between 20 and 25 are shown in Fig. 3. The relative ratios of total branched
alkanes to linear alkanes (hereafter referred to as B/N ratio) vary greatly between the two urban

sites, from ~1 in the June 5 LA sample to >10 in both Bakersfield samples, shown in Fig. 4.

Processing of semivolatile hydrocarbons in Los Angeles, CA

In both LA samples analyzed under VUV photoionization, while the unresolved “hump” is
visible in the chromatogram, aromatic and more polar compounds have a higher total integrated
ion signals than the UCM (Fig. 1a). The most abundant isomer for each carbon number is the
linear alkane, accounting for >30% of the total acyclic alkane mass. The two samples analyzed

under VUV represent two different periods in the field campaign. From June 2 through June 6,
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there was a steady build-up of pollutants due to periodic entrainment of the residual layer aloft,
causing fresh emissions in the boundary layer to be mixed with aged pollutants that remained in
the basin [Pollack et al., 2012]. On May 30, no such build-up was observed. Owing to this
difference in meteorological conditions, the integrated OH exposure, calculated from the ratios
of 1,2,4-trimethylbenzene (1,2,4-TMB) to benzene [Borbon et al., 2012], was higher during
collection of the June 5 sample (4.8 x 10'® molec cm™ s) than that of the May 30 sample (2.6 x

10" molec cm™ s).

The B/N ratios of C,;—C,4 hydrocarbons in the May 30 sample are higher than those in the June 5
sample, suggesting that branched alkane isomers are consumed more rapidly relative to the linear
isomers of the same carbon number. Since the aliphatic hydrocarbons in the UCM are
predominantly saturated, their primary sink in the atmosphere is reaction with OH radicals.
Although compounds in this volatility range exist in both the gas and particle phases, C21—Ca4
hydrocarbons are sufficiently volatile that their gas phase reactions with OH are dominant over
particle-phase reactions at ambient levels of OA concentrations [Lambe et al., 2009]. We
therefore expect that the change in B/N ratios is primarily a result of differences in gas-phase

reaction rates with OH radicals, and the decay can be described by the following equation:

(%)mmple _ (%)0 o (knfu—kpfg) [[OH]dt (1)

where (B/N)j is the B/N ratio at the source; (B/N)samplc 1s the B/N ratio of each individual
sample; kg is the average OH reaction rate of all branched isomers (cm’ molec™ s™), which is
treated here as an unknown; Ky is the OH reaction rate of the linear alkane ((:m3 molec™ s™),
calculated from structural-reactivity relationships [Kwok and Atkinson, 1995]; fy is the average

gas-phase fraction of the linear isomer; fg is the average gas-phase fraction of branched isomers,
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and [[OH]dt is the integrated OH exposure (molec cm” s) for that sample, calculated from the
1,2,4-TMB to benzene ratios [Borbon et al., 2012]. Equation (1) is similar in form to previous
investigation of hydrocarbons clocks for gas-phase oxidation, with one notable exception. Here
we include the effect of gas-particle partitioning, which reduces the fractions of alkane species in
the gas phase available for OH reactions. The gas-phase fraction for each filter data point is
calculated individually based on known vapor pressures [Pankow and Asher, 2008; Williams et
al., 2010a], total OA mass concentrations measured by the Aerodyne Aerosol Mass Spectrometer
(AMS) and temperature. Both OA mass concentrations and temperatures were similar between
the two filter sampling periods (at 7 ug m™ and 290K). For the data shown in Fig. 5, we assume

that fy and fg are constant in order to derive kg for each carbon number.

To investigate the relationship between B/N ratios and OH exposure, the B/N ratios at the source
(corresponding to zero OH exposure) must be known. Since the major contributor of
hydrocarbons in the LA Basin is likely motor vehicles [Williams et al., 2010b], the B/N ratios of
hydrocarbons in the LA ambient samples are compared to those in fresh vehicular exhaust,
measured during a tunnel study in Oakland, California. Here we focus on the branched and linear
acyclic alkanes between C;; and Cy4. The average B/N ratios of these alkanes in all 7 tunnel
samples are presented in Fig. 4. There were no systematic differences in B/N ratios between
diesel-dominated and gasoline-dominated samples in this carbon number range, so here we
report the standard deviation in the 7 samples to be the uncertainty in B/N ratios for each carbon
number. The average B/N ratios observed in these tunnel samples, which are higher than those
observed in the LA samples, serve as additional data points corresponding to zero OH exposure

at the source. Assuming that the decrease in B/N ratio is entirely due to photooxidation, the
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relative reaction rates of the branched isomers can be estimated from the decay of B/N ratios. A
plot of B/N ratio versus OH exposure is shown in Fig. 5. From regression using equation (2), a
value for kg for each carbon number can be derived from the slope of the best-fit line (fyky —
fskg). In general, the average rate constants of branched alkane isomers are 21-35 % higher than

that of the linear alkanes (see Table 1).

The uncertainties in the regressions on the B/N ratios measured using VUV are considerable,
owing to the limited number of samples analyzed using this technique. To further constrain the
dependence of B/N ratios on photochemical processing, analysis of samples covering a wide
range of photochemical processing is needed. As mentioned before, under electron impact,
detailed speciation, similar to that achieved in Fig. 3, is difficult owing to extensive
fragmentation and co-elution of isomers. However, some BO (linear) and B1 isomer peaks can be
resolved from other isomers, and their retention times and molecular formulas are confirmed by
VUV analysis, as shown in Fig. 6. Each linear isomer coelutes with a B2 isomer with one more
carbon atom, but, based on observations from VUV, this B2 isomer is expected to contribute
<15% of the total ion signal for C,,—C,4 alkanes in the LA samples. Other isomers, such as B2
isomers and isomers with Npge > 0 remain unresolved under EI. The ratio of B1 to linear isomers
(BI/N ratios) for each carbon number was calculated from the background-subtracted signals on
C4Ho' (Mm/z 57), the most common alkane fragment ion. Using this method, more reliable
estimates of kg are derived from EI data, which consist of a larger number of samples. However,
temperature and OA mass can no longer be assumed to be constant, and these factors critically
determine gas-phase fractions and hence oxidation rates of SVOCs. For the EI data set, we first

determine the average photochemical age for each sample, assuming an [OH] of 2x10° molec
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cm™. An average temperature and OA mass, to which each air plume represented by the sample
has been exposed, are then determined. With this information, a B1/N ratio for each sample can
be calculated for any given kg; and (B1/N), using Equation (1), and optimal values for these two
parameters are determined that minimizes the absolute error between calculated and observed
B/N ratios derived from EI data. The regressions are shown in Fig S-3 in the Supplementary
Material. Values for kg, are consistent with those derived from VUV data, as shown in Table 1,
confirming that B1 isomers of C,,—C,4 alkanes are consumed more rapidly than linear isomers.
Figures 7a—7c show the diurnal profiles of the B1/N ratios, and the minima in B1/N ratios occur
between late morning and early afternoon. The daytime minima are likely a result of higher OH
concentrations and greater extent of oxidation. In a later section, we will rule out higher daytime
temperatures (which alters gas/particle partitioning) to be the cause of the observed drop in B1/N

ratios.

Structure-reactivity predictions for linear and branched alkanes with 21 to 24 carbons are
summarized in Table 1. The predicted rate constants of branched alkanes are 1-8% higher than
those of the linear isomers, lower than the ratios observed. Under these predictions, a
combination of a tertiary and a primary carbon atom have higher OH reaction rates than two
secondary carbon atoms if the tertiary carbon atom is not at the 2-position [Kwok and Atkinson,
1995]. While small (<Cs) branched hydrocarbons have lower OH rate constants than their linear
isomers, it is more statistically likely for C,;—Ca4 alkanes that alkyl branching will instead occur
at the 3- or higher positions, resulting in higher predicted OH rate constants. It is also noteworthy
that preferred depletion of branched isomers was also observed during experimental studies of

heterogeneous oxidation of motor oil particles [Isaacman et al., 2012b]. In those experiments,
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oxidation is expected to occur in the particle phase owing to the high particulate loadings, and
the ratios of the rate constants (kg/ky = 1.28) reported are roughly consistent with those of gas-

phase rate constants observed in this work.

While the possibility of additional sources with low B/N ratios cannot be ignored, differences in
this ratio caused by some potential primary sources of aliphatic hydrocarbons can be ruled out.
There is no odd carbon preference in this range of carbon numbers, indicating that plant wax is
not a major contributor to aliphatic compounds in the UCM. Also, wood burning markers, such
as dehydroabietic acid and retene, were not observed at significant concentrations, indicating that
the trend in B/N ratios is not caused by emissions of linear alkanes from biomass or biofuel
burning. No additional source of linear alkanes contributing to the lower B/N ratios in more aged
samples has yet been identified. We also considered whether the changes in B/N ratio could be
caused by a difference in fleet between Oakland, CA and the LA Basin, but concluded that
differences would likely be minimal across the state. Additionally, this would only affect B/N
ratios of the emission source (B/N)y, and would be unlikely to cause B/N ratios to decrease with

photochemical age as demonstrated.

Source of semivolatile hydrocarbons in Bakersfield, CA

Semivolatile and non-volatile hydrocarbons in Bakersfield appear to originate from a broader
combination of sources than in LA. First, the high concentrations of odd-number n-alkanes (Cy;3
and Cys, see Fig. 3d) suggest that plant wax could be a major source. The carbon number
preference index (CPI) of n-alkanes between C,; and Cs; is given by the following equation

[Marzi et al., 1993]:
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where Cy is the concentration of n-alkanes with x carbon atoms. The CPI of Bakersfield samples
were consistently above 2, indicating a strong contribution of plant wax. In contrast, the average
CPI of LA samples were below 1.4. This is consistent with factor analysis using AMS and FTIR
data from CalNex Bakersfield, which suggests that up to 10% of organic aerosol is likely

vegetative detritus [Liu et al., 2012].

Using GC/VUV, the alkane isomers in the UCM are classified into branched, cyclic and linear
alkanes based on molecular weights and GC retention times. Branched isomers dominate over
linear isomers in Bakersfield, with B/N ratios greater than 10. These B/N ratios are inconsistent
with those measured in the LA samples, and are even higher than those observed in fresh motor
vehicle exhaust from the tunnel samples. Since semivolatile branched alkanes react with OH
radicals faster than linear isomers both theoretically (from structure-reactivity relationships) and
in flow tube experiments [Isaacman et al., 2012b], photochemical processing is not expected to
increase the B/N ratios from those of motor vehicle UCM to those observed in Bakersfield.
While factor analysis of particle-phase molecular markers suggest that a major source of linear
alkanes is motor vehicles [Zhao et al., 2012], the high B/N ratio of the UCM suggests that there
is a also large source of predominantly branched semivolatile hydrocarbons in addition to motor

vehicles contributing significantly to the Bakersfield UCM.

To investigate the temporal trends in this potentially large source of semivolatile branched
hydrocarbons, the B1/N ratios are derived from EI data using the method previously described.

B1/N ratios of only C,3 and Cy4 can be reliably determined from EI data, owing to co-elution of
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other linear alkanes with B2 isomers (see Fig. 6). Extensive comparisons to speciated VOC
concentrations in the region showed poor correlations of B1/N ratios to volatile tracers of known
sources, such as gasoline and diesel vehicles, and natural gas production. One potential source of
semivolatile hydrocarbons is the oil extraction and refining operations in the area, as Bakersfield
is surrounded by numerous oil and gas fields, and two refineries are within 15 km of the
sampling site. The isomer distributions of C;;—Cs4 hydrocarbons of the ambient Bakersfield
samples are therefore compared to those of 3 crude oil samples and one motor oil (SAE 10W-30)
sample. As shown in Fig. 8, the B/N ratios of the 3 crude oil samples vary by an order of
magnitude. It is well known that the chemical composition of crude oil is highly variable, and the
purpose of refining operations is to modify the chemical composition (relative concentrations of
alkanes, alkenes, cycloalkanes, aromatics etc.) for fuel, oil, chemical feedstock or other uses.
Lubricating oil, for example, has higher concentrations of cycloalkanes (also known as
naphthenes) and branched alkanes than n-alkanes, as the viscosities of n-alkanes have stronger
temperature dependence and increase significantly when motor engines heat up [Gary et al.,
2007]. While detailed characterization of the crude oil samples is beyond the scope of this work,
the highly branched alkane content observed in Bakersfield is consistent with that in motor oil
and one of the 3 crude oil samples analyzed. At this point, only qualitative comparisons are
possible, but based on available data the high concentrations of branched alkanes in the UCM are
likely related to oil extraction and/or refining operations. In the future, detailed speciation of
alkane isomers in direct emissions from oil operations could be useful in quantitatively

determining their importance as a source of semivolatile hydrocarbons in this area.

Modeling relative SOA formation from branched and linear alkanes
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Oxidation of semivolatile alkanes has been proposed to contribute significantly to urban SOA
formation. While branched isomers tend to fragment upon oxidation, their emissions are higher
and are oxidized more rapidly, because of their higher volatility and greater reactivity toward OH
radicals. Using the relative loss rates from CalNex LA, we formulate a simple box model to
investigate the relative contributions to SOA formation from branched and linear alkanes. Based
on equation (1), the ratio of SOA mass formed from branched alkanes to that from their linear
isomer for a particular carbon number can be described by:

S0Ap B\ (1-e~kBfBJIOHlAL\ ry,

soie= (3), (o rome:) (72) )

where Yg and Yy are the SOA mass yields for a branched alkane and a linear alkane, respectively.

To the authors’ knowledge, there are no existing experimental measurements of SOA yields from
alkanes greater than 21 carbons. Here we calculate the theoretical SOA yields using a near-
explicit gas-phase oxidation mechanism and theoretical partitioning based on work by Jordan et
al. [2008]. We note that the SOA yields of C,;—Cy4 n-alkanes calculated from this approach are
lower than those derived from extrapolating the volatility basis set parameters recommended by
Presto et al. [2010] to this carbon number range. However, the approach by Jordan et al. [2008]
is preferred here because the inclusion of a fragmentation mechanism is straightforward and the

volatility basis set does not distinguish between different alkane isomers.

The partitioning of alkanes between gas and aerosol phase (fg and fy) depend critically on
organic loading and temperature. For our base case simulation, we assume an organic loading of
10 pg m™ and an average temperature of 293K, which is typical of ambient conditions during
CalNex LA. For modeling the SOA yields Yg and Yy, we use a branching ratio of 0.30 for the

fragmentation pathway in branched alkanes system, and assume it leads to a ketone with a



482  carbon number half that of the parent alkane. For linear alkanes, this branching ratio is set to 0.
483  We assume that [OH] is constant at 2 x 10° molec cm” and perform the simulation for 8 hours,
484  the maximum photochemical age observed in LA. Figure 9 shows the ratio of SOA mass from
485  branched alkanes to that of linear alkanes (hereafter referred to as the BNSOA ratio) for this base
486  case scenario. The more reactive branched alkanes form SOA earlier than linear alkanes, causing
487  the BNSOA ratio to decrease over time. However, as shown in the contour plots in Fig. 10 and in
488  Eqn (3), the BNSOA ratio is linear with respect to (B/N), and is therefore a stronger function of
489  the emission ratios than photochemical age under typical urban conditions. Also, as

490  demonstrated in previous sections, the (B/N) can vary by an order of magnitude depending on
491  the source. In the range of (B/N), observed in this work, BNSOA ratio is expected to be at least
492 0.5 for all carbon numbers, and can be greater than 10 in many cases. These results are

493  qualitatively consistent with those from recent laboratory experiments and demonstrate these
494  previously unresolved alkanes are dominant SOA precursors [Tkacik et al., 2012].

495

496  Figure 11 shows the relative importance of different parameters that affect the BNSOA ratio,
497  including gas/particle partitioning (fz and fy), gas-phase kinetics (kg and ky), SOA yields and

498  emission ratios. Branched alkanes have lower SOA yields owing to greater extent of

499  fragmentation. However, as a result of their higher volatilities, larger OH rate constants and

500  higher emissions, SOA formation from branched alkanes are expected to be up to 9 times that
501  from linear alkanes in this carbon number range. In particular, the partitioning between gas and
502  particle phases of the alkane precursors plays an important role in determining their availability
503  for gas-phase OH reaction, especially for C,4, where the difference in gas phase fractions

504  between linear and branched isomers are the greatest. It is therefore expected that temperature



505 and organic loading have important effects on the relative oxidation rates through gas/particle
506  partitioning and SOA formation.

507

508 To examine these effects, we carry out sensitivity analyses by performing the simulations at
509  different temperatures and organic mass concentrations representing the typical range of

510  conditions during CalNex. It is important to note that the effect of temperature and organic

511 loading on oxidation rates is opposite to that on SOA yields. Assuming gas/particle equilibrium,
512 increasing organic mass leads to a smaller gas-phase fraction of both the alkane precursors and
513 their oxidation products, leading to lower effective oxidation rates and higher SOA yields

514  simultaneously. As shown in Fig. 12a, the organic loading increases the relative contribution of
515  branched SOA, indicating that these two effects are greater for branched alkanes than for linear
516  alkanes. Figure 12b shows the effect of temperature on BNSOA ratio. While increasing

517  temperature increases fractions of both branched and linear alkanes in the gas phase (fg and fy,
518  respectively), it increases fy by a larger fraction than fg, since branched alkanes are more volatile.
519  Owing to this shift in partitioning at higher temperatures, the relative decay of branched to linear
520  alkanes is expected to be smaller, so the relative contribution of branched isomers to SOA is
521  reduced. This also rules out temperature fluctuations to be the cause of the observed daytime
522  decrease in B/N ratios of the precursor alkanes shown in Fig. 7, as higher daytime temperatures
523  should lead to higher B/N ratios (of the precursor alkanes) and lower BNSOA ratios. Here we
524  examine the effect of temperature on partitioning of the alkanes only, since the partitioning

525  parameters of their oxidation products (e.g. vapor pressures, heat of vaporization) and

526  temperature dependence of SOA yields are poorly understood.

527



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

Lastly, we used this box model to examine the effect of oxidation parameters on relative SOA
formation. As expected, an increase in oxidation rate constant of branched alkane relative to that
of linear alkane translates into a linear increase in BNSOA. It should be noted that the
photochemical age simulated here is typical of urban conditions (3 hours). On these timescales,
the effects of relative kinetics are expected to be more dominant than on longer timescales. The
relative amount of fragmentation versus functionalization also determines the ratio of SOA
yields, with fragmentation expected to be more significant for branched alkanes [Lim and
Ziemann, 2009]. Here we show that the relative SOA formation vary linearly with changes in the
branching ratio for the fragmentation pathway. These results imply that the uncertainties in
estimating kg and ky (~20% difference between SRR predictions and ambient measurements)
have small impacts on relative SOA contributions. On the other hand, more accurate estimates of
branching between fragmentation and functionalization are needed to constrain SOA formation

potentials from different alkane isomers.

Atmospheric Implications

In this work, we present detailed characterization of SVOCs observed at two different urban sites
to understand the sources and processing of semivolatile alkanes. In both LA and Bakersfield
samples, GCxGC analysis provides excellent separation of polar and aromatic compounds. For
the aliphatic UCM, GC coupled with soft photoionization mass spectrometry, such as VUV,
provides detailed characterization of alkane isomers. The unresolved complex mixture of alkane
isomers was resolved by carbon number, number of rings, and, for saturated alkanes, the degree
of branching. This unprecedented level of detail provides interesting insights into the

photochemical processing of semivolatile hydrocarbons, which are important precursors to SOA
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in the atmosphere. The ratio of branched to linear isomers for alkanes of the same carbon number
decreased with photochemical processing in the LA Basin, consistent with a higher reaction rate
of branched alkanes with OH radicals relative to linear alkanes. Detailed characterization of the
UCM also provides information about sources, such as the odd carbon number preference and
high relative concentrations of branched alkanes in the Bakersfield UCM consistent with the
influences of plant wax and oil operations. Combining our speciated measurements (rate
constants and emission ratios) and theoretical modeling (partitioning and SOA yields), branched
alkanes are expected to contribute up to an order magnitude more to SOA formation that linear
alkanes, despite lower SOA yields. The relative contributions depend strongly on their emission

ratios and gas/particle partitioning for this range of volatility.

These novel measurements provide a basis to understand atmospheric processing of different
hydrocarbons in the UCM, especially those from fossil fuel related sources. The ability to
speciate aliphatic compounds provides important constraints on both their effective oxidation
rates, and potentials to form SOA. As shown in this work, branched alkanes have higher OH
reaction rates and their emissions from fossil fuel related sources can be up to an order of
magnitude higher than those of linear alkanes. Since branched alkanes react more rapidly with
OH radicals than linear alkanes, the ratio of their concentrations serves as an indicator for degree
of processing of SVOCs. This concept is similar to using VOC ratios to estimate the gas-phase
photochemical age, but is more relevant to understanding SOA formation, since oxidation of
SVOCs more readily forms low-volatility material. Our simple box model demonstrates that the
oxidation rates of SVOC depend strongly on the fraction in the gas phase available for OH

reaction. As a result, parameters which affect partitioning, such as organic loading and
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temperature, also influence the oxidation kinetics. Quantitative measurements of gas/particle
partitioning are therefore crucial to understanding the oxidation of SVOCs, which is expected to
be their dominant loss process in the atmosphere. Also, when using SVOCs as source tracers or
to estimate photochemical age, their gas/particle partitioning must be taken into account to

accurately determine the extent of their atmospheric processing.

Owing to differences in gas-phase oxidation chemistry, SOA yields depend strongly on
molecular structure. Branched alkanes have a higher tendency to fragment upon oxidation,
leading to more volatile products and lower SOA formation [Lim and Ziemann, 2009]. However,
as demonstrated by our box model, oxidation of branched alkanes is expected to play a more
important role in SOA formation as a result of higher emissions, faster gas-phase oxidation rate
constants and higher volatility. In this work we focus our analysis on saturated alkanes. Cyclic
alkanes retain the carbon backbone after ring cleavage, resulting in higher SOA yields than linear
alkanes. Also, their observed emissions are greater than those of saturated alkanes. Their
contributions to urban SOA formation are therefore potentially important, and accurate modeling
will require a combination of speciated measurements using GC/VUV and laboratory studies into
their oxidation chemistry and SOA formation mechanisms [Lim and Ziemann, 2009; Tkacik et

al., 2012].

Since SOA yields depend strongly on molecular structure, classification of organic species by
volatility alone fails to fully capture SOA formation potential. Speciation by carbon number,
number of rings and alkyl branching shown in this work provides detailed knowledge of both

volatility and molecular structure, and hence insights into SOA formation from the UCM, the
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major component in many SVOC sources. More detailed chemical characterization of SVOCs
may also give crucial information about their sources. With more time-resolved samples,
measurements of compounds speciated by molecular structure can be more broadly applied in
factor analysis and can serve as valuable inputs for source attribution. Ultimately, despite the
complexity of organic mixtures, detailed speciation is an important direction providing essential

understanding of emission sources and their environmental fates.
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Table 1. Gas-phase OH reaction rate constants of linear (ky) and branched (kg) alkanes

calculated by structure-reactivity relationships (SRR) [Kwok and Atkinson, 1995], the rate ratios

(ks/kn) calculated from SRR and observed in ambient LA samples. The uncertainties in observed

rate ratios are derived from the standard deviations in the regressions shown in Fig. 5. See

Appendix C in the Supplementary Material for derivation of kg; from EI data.

Carbon | ky (10 em® | kg (10T cm® | keiky | keoky | ke/ky observed | kai/ky observed
Number | molec™ sec™’) | molec” sec™) | (SRR) | (SRR) | (from VUV data) | (from EI data)
from SRR from SRR
21 2.66 2.88 1.08 1.01 1.21+£0.47
22 2.80 3.03 1.08 1.01 1.31+0.48 1.32
23 2.94 3.17 1.08 1.01 1.25+0.13 1.12
24 3.08 3.31 1.07 1.01 1.35+£0.50 1.14
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761  Figure 1. Total Ion Chromatogram of (a) LA sample (May 30) and (b) Bakersfield sample (June
762  23). The unresolved complex mixture (UCM) of aliphatic hydrocarbons, between first-dimension

763  retention times of 30 and 50 minutes, is evident in both samples.
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Figure 2. GCxMS plots of UCM in Bakersfield sample (June 23) under (a) EI and (b) VUV
ionization. (a) Under electron impact, strong fragmentation causes most of the signal to fall on
the same fragment CxH, " ions, as delineated by horizontal lines along a few select m/z's. (b)
Under VUV, molecular ions are retained, and cluster by carbon number in a GCxMS plot. One
such cluster denoted by the red arrow is expanded into Panel (c). Within each carbon number,
aliphatic hydrocarbons were resolved by number of rings (by molecular weight) and by degree of

branching for acyclic alkanes, denoted by BX, where X is the number of alkyl branches.
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Figure 3. Distribution of alkane isomers in LA (May 30) and Bakersfield (June 23) samples. In

panels (a) and (c), isomers are grouped by Npgg, ranging from 0 (acyclic) to 6 (hopanes and

tetralins). In panels (b) and (d), the signals include only those of acyclic (linear and branched)

alkanes. While the distributions among different Npge in LA and Bakerstfield are similar, the

branched acyclic alkanes are more abundant relative to linear alkanes in Bakersfield than in LA.
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Figure 4. Ratios of branched to linear alkanes (B/N) of CalNex ambient samples and Caldecott
tunnel samples (“Motor Vehicle”) analyzed using VUV photoionization. For the motor vehicle
samples, the B/N ratios shown here averaged over all 7 samples, and the error bars represent the

standard deviations in the 7 samples.



785

786
787

788

789

790

791

792

793

(a) (b)
C 4
2.0 21 S
1.5
o 10+ 9o
© I
z <
@ @
0.5+
E:(;ef)ficient values * 1 std dev 1+ ' [Coefficient values + 1 std dev
B/IN),=1.4£0.1 (BIN)y=2.6+0.4
slope = 8.0e-012 + 3.1e-012 slope = 9.5e-012 + 5.5e-012
T T T T T T T T T T
0 10 20 30 40x109 0 10 20 30 4Ox109
OH exposure, molec cm™ s OH exposure, molec cm™ s
© c @ C
- 24
404 23 16
2 0o
< IS
< <
m I
Coefficient values * 1 std dev Coefficient values + 1 std dev
15 |(BIN); =3.40+0.08 (B/N)O_: 6.6+15
slope = 8.0e-012 + 0.9e-012 slope = 1.6e-011 + 1.0e-011
T T T T T T T T T T
0 10 20 30 §0x109 0 10 20 30 ] 3‘}0)(109
OH exposure, moleccm s OH exposure, moleccm s

Figure 5. Ratios of branched to linear alkanes (B/N) of LA samples measured by VUV as a
function of OH exposure. The B/N ratios at zero OH exposure are taken to be those from the
tunnel samples of fresh motor vehicle exhaust. OH exposure for the LA samples were calculated
using the ratio of 1,2,4-TMB to benzene [Borbon et al., 2012]. The black lines represent the best-
fit lines to equation (1), and the fitted coefficients are shown in Table 1. The dark grey and light

grey shaded areas represent the 68% and 95% confidence intervals of the regressions,

respectively.
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Figure 6. Extracted ion chromatograms of m/z 57 under EI (dark grey) and molecular ions of

alkanes under VUV (all other colors). For each molecular ion, the latest eluting peak represents

the linear alkane. Under EI, m/z 57 represents the C4Hy" ion, the most abundant fragment ion of

high molecular weight alkanes. The EI m/z 57 trace show identical peak shapes to the molecular

ion traces where the B1 isomers elute (denoted by boxes with dashed lines). Linear isomers

(denoted by arrows) coelute with a B2 isomer of a higher carbon number, but for C,3—Cy4 in

Bakersfield samples, and C,—C,4 in the LA samples, the contributions of B2 isomers are

expected to be less than 15%. The ratio of B1 to linear isomers (B1/N) for each carbon number

can therefore be estimated from the m/z 57 signal under EI.




804

805
806

807

(@) (b)

0.35+

0.40

0354 0.30

0.30 0.25

B1/N ratio
B1/N ratio

0257 0.20

0.20

0.154 °

0.15+ °
T T T T T T T T

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
Time of Day Time of Day

B1/N ratio

T T T T
00:00 06:00 12:00 18:00
Time of Day
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Figure 8. Ratios of branched to linear alkanes (B/N) of ambient Bakersfield samples, 10W-30
motor oil and 3 samples of crude oil extracted and/or processed in the San Joaquin Valley (SJV).
Among all the samples analyzed in this work, the B/N ratios of motor oil and one SJV crude oil
sample (sample 3) approach those in Bakersfield, suggesting the source of these hydrocarbons is

related to oil operations in the area.
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Figure 9. Base case simulation for simple box model. The mathematical equation is described by
Eqn (3). For this simulation, the values for (B/N), and kg were derived from CalNex data
summarized in Table 1. SOA yields were calculated using the oxidation mechanism from Jordan
et al., [2008], assuming 0.3 of reacted hydrocarbon fragments upon oxidation. The temperature
of 293K and organic loading is 10 pg m’, which are typical of conditions during CalNex LA.

[OH] is assumed to be constant at 2 x 10° molec cm™.



822

823
824

825

826

827

828

829

24 PR E—
103 s Car 105 6 Ca
67 3 67 4 5
o 4+ 2 o 44 3
z ] Z I 2
o 2 1 o 24
~— ~— e 1
1 0.5 1
E E —
63 o—— 05
4- 4
T T T T T T T T T T
0 2 4 6 8 0 2 4 6 8

Photochemical age, h Photochemical age, h

(BIN),

e—=mu=usTg = =
10_:/-10 93 = C23

6 65

. 43

2] 2

14 !

6 0.5

i
T T T T T
0 2 4 6 8

Photochemical age, h

20 15— :
__’——igf£14:C24?
———— 10

8
6
4
3
2
1
0.5

I I I I

0 2 4 6 8

Photochemical age, h

Figure 10. Contour plots of BNSOA (ratio of total SOA formation from branched alkanes to that

from linear alkanes) as a function of photochemical age and emission ratios (B/N),. Simulations

are carried out for the range of (B/N), observed in this work (see Figs. 4 and 8). The contour

lines are almost horizontal, indicating a stronger dependence on (B/N), than on photochemical

age. This is a result of the linear dependence of BNSOA on (B/N), (see Eqn (3)) and wide range

of (B/N), observed.
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Figure 11. Effect of including various factors into determining relative SOA formation. The
dotted line denotes equal SOA formation between all branched isomers and the linear alkane
(BNSOA = 1). The blue line and arrow denote lowering SOA yields of branched isomers as a
result of fragmentation (0.3 in this base case). The red line and arrow denote including a higher
emission ratio of branched alkanes, derived from motor vehicle samples (see Fig. 4). The green
line and arrow denote accounting for the differences in gas-phase oxidation rate constants,
assuming all SVOC:s are in the gas phase. Lastly, accounting for gas/particle partitioning results
in the black line, which represents the base case scenario. The gas phase fractions (fy and fg) are

calculated for a temperature of 293K and organic loading of 10 pg m™.
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Figure 12. Effect of varying partitioning parameters on relative SOA formation. The range of
organic mass loading and temperature simulated here is consistent with conditions during
CalNex LA. The photochemical age for these simulations is 3 hours, at an average [OH] of 2 x
10° molec cm™. Effects of temperature on SOA yields are not taken into account, as the heat of

vaporization of oxidation products are poorly understood.
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