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Detailed chemical characterization of unresolved complex mixtures
in atmospheric organics: Insights into emission sources,
atmospheric processing, and secondary organic aerosol formation
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[1] 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 SVOCs 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 semivolatile aliphatic hydrocarbons
observed in Pasadena, California (~16 km NE of downtown Los Angeles), and Bakersfield,
California, during the California Research at the Nexus of Air Quality and Climate Change
2010. To the authors' knowledge, this work represents the most detailed characterization of
the UCM in atmospheric samples to date. 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 the 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.
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1. Introduction

[2] Organic matter represents a major fraction of ambient
acrosol. A large fraction of organic acrosol (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 underesti-
mate the budget of SOA, highlighting a lack of understand-
ing in the sources and transformation processes of organic
compounds in the atmosphere [Goldstein and Galbally,
2007; Hallquist et al., 2009]. Recently, it has been proposed
that oxidation of semivolatile organic compounds (SVOCs)
1s a major source of SOA, particularly in urban atmospheres
[Robinson et al., 2007; Pye and Seinfeld, 2010]. SVOCs are
defined as compounds which have effective saturation
concentrations (C*) between 0.1 and 10 pgm ™. Owing to
the low vapor pressures of SVOCs and of their subsequent
reaction products, oxidation of SVOCs is expected to lead
to significantly higher SOA yields than more volatile
precursors and, despite lower emissions, could dominate
SOA formation in urban areas. Models that incorporate trans-
formations of SVOCs to SOA yield better predictions of the
total amount of SOA and its seasonal variability [Robinson
et al., 2007; Hodzic et al., 2010]. However, the models fail
to capture the chemical properties of the observed SOA and
underestimate O/C ratios [Hodzic et al., 2010], indicating
that the atmospheric chemistry of SVOCs leading to SOA
formation is poorly understood. The relative oxidation rates
of SVOCs and fragmentation/functionalization branching
ratios, the two key factors that determine the amount and
properties of SOA formed, are currently extrapolated from
those of smaller carbon numbers.

[3] Detailed knowledge of the identities and chemistry of
SVOCs has been elusive, as the chemical composition is highly
complex and current analytical techniques are unable to sepa-
rate and identify these compounds. While gas chromatogra-
phy—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 fully
separated by traditional GC methods. As a result, many atmo-
spheric samples contain a large unresolved peak in chromato-
graphic analyses, often referred to as the unresolved complex
mixture (UCM) [Schauer et al., 1999]. The UCM 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 SYOCs in urban areas
[Williams et al., 2010b]. Furthermore, the UCM 1s 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].

[4] The UCM is thought to contain a large number of
constitutional isomers, most of which are lincar (also
termed straight-chained or normal), branched, and/or cy-
clic alkanes [Mao et al., 2009]. In contrast, aromatic com-
pounds 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 i1s generally overlooked. However,
the number of rings and alkyl branches in alkanes strongly
affects 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 envi-
ronmental fate of these hydrocarbons.

[s] The main objective of this work is to characterize the
molecular composition of ambient UCM, classify the com-
pounds by molecular structure for use in future models of
urban atmospheres, and understand the atmospheric pro-
cessing of SVOCs leading to SOA formation. Previously,
we have demonstrated that constitutional isomers present
in diesel fuel can be characterized using gas chromatogra-
phy coupled to vacuum ultraviolet ionization mass spec-
trometry (GC/VUV-MS) [Isaacman et al., 2012b]. We
combine this technique with comprehensive two-dimen-
sional gas chromatography (GC x GC/VUV-HRTOFMS)
to analyze the composition of ambient SVOCs 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 and Bakersfield). 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, pro-
cessing, and relative contributions to SOA formation. The
utility of the analytical technique in resolving aliphatic,
aromatic, and oxygenated species observed in the ambient
atmosphere is also discussed.

2. Methods
2.1.

[6] The samples described in this paper were collected
at two wurban sites in California (Pasadena and
Bakersfield) as part of the CalNex field campaign in the
summer of 2010 [Ryerson et al., 2013]. Pasadena sam-
pling was conducted on the campus of the California
Institute of Technology, ~16km NE of downtown Los
Angeles (hereafter referred to as the LA site). Two
PM, s samples from the LA site, collected on Sunday,
30 May (3:00-6:00P.M. local time), and Saturday, 5
June (midnight to 11P.M. local time), were selected for
analysis using VUV ionization. Only two samples were
chosen for VUV analysis owing to access limitations to
the Advanced Light Source, but these 2 days represented
different degrees of photochemical aging, the significance
of which will be discussed below. Fifty-four samples from
the intensive filter sampling periods, collected at a time
resolution of 3—6h, were analyzed using electron impact
(El) ionization. Sampling at the Bakersfield site was
conducted at the southeast edge of the city, colocated with
other instruments participating in the field campaign. Two
23 h samples, collected on Friday, 18 June, and Wednesday,
23 June, from midnight to 11 P.M. local time, were sclected
for VUV analysis. These two samples, along with 32 other
daily (midnight to 11 P.M.) filter samples, were also analyzed
using EL All samples collected from the LA site were
collected on quartz fiber filters (Tissuquartz™ Filters, 2500

Sampling Locations
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QAT-UP, Pall Life Sciences), which were 20cm % 25 cm,
allowing for high-volume PM, s sampling at ~1 m® min—'.
All samples collected from the Bakersfield site were collected
on 86 cm? quartz fiber filters (Pall Life Sciences); however,
medium-volume PM,s sampling at 226Lmin~' was
conducted. All filters were prebaked at 550°C for 6h to
remove any organic contaminants. Filter samples were stored
in a freezer at — 18°C until chemical analysis. Ficld blanks
were collected every 7-10days by placing a prefired quartz
fiber filter into the sampler for 15 min before removing and
storing in the same manner as the field samples. Analysis of
both field and laboratory blanks showed no significant
aliphatic contaminants on prefired quartz filters.

[7] Additional samples collected during a study conducted
at the Caldecott Tunnel in Oakland, California, were also
analyzed for comparison [Dalimann et al., 2012]. Here we
focus our analysis on two weekday filter samples collected
in the gasoline-only bore and five samples collected in the
mixed gasoline + diesel bore (four weekday and one weekend
samples). Emissions during collection of the two weekday
samples from the gasoline-only bore and the weekend sample
from the mixed bore are expected to be dominated by gaso-
line vehicles (three “gasoline-dominated” samples), while
emissions during the four weekday samples in the mixed
bore are expected to be dominated by diesel vehicles (four
“diesel-dominated” samples). In addition to thermal desorp-
tion of filter samples, SAE 10W-30 motor oil and three
samples of crude oil extracted and refined in the San
Joaquin Valley region were also analyzed for their chemical
composition. The specific geographical origins of the crude
oil samples are confidential for proprietary reasons.

2.2.

[8] Selected samples were analyzed using comprehensive
two-dimensional gas chromatography coupled to a vacuum
ultraviolet high-resolution time-of-flight mass spectrometer
(GC x GC/VUV-HRTOFMS). Filter punches (total arca of
1.6 cm?) were thermally desorbed at 320°C under helium
using a thermal desorption system and autosampler (TDS3
and TDSA2, Gerstel). Desorbed samples were focused at
20°C on a quartz wool liner in a cooled injection system
(CI154, Gerstel) before they were introduced into a gas chro-
matograph (GC, Agilent 7890) by rapidly heating the inlet
to 320°C. For motor oil and crude oil, samples diluted in
chloroform were directly injected via a septumless inlet into
the GC.

[9] Comprehensive GCxGC was performed using a
60 m » 0.25 mm % 0.25 pm nonpolar capillary column (Rxi-
58il MS, Restek) for the first dimension separation (by vol-
atility) and a medium-polarity second dimension column
(1 mx0.25mm % 0.25 pm, Rtx-200MS, Restek). After sam-
ple injection, the GC oven was ramped from 40°C to 100°C
at 60°C min! and then 320°C at 3.5°C min~'. A dual-stage
thermal modulator (Zoex), consisting of a guard column
(1 mx0.25mm, 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 s. The second dimension column was housed
in a secondary oven, which was maintained at 15°C above
the main oven temperature.

Speciation of Semivolatile Hydrocarbons

[10] Effluent from the second column was analyzed using a
high-resolution (r/Am ~4000) time-of-flight mass spectrom-
eter (Tofwerk, Thun, Switzerland) coupled to the Advanced
Light Source at Lawrence Berkeley National Laboratory.
Single photon ionization by the vacuum ultraviolet (VUYV)
beam used here is similar to that reported previously
[lsaacman et al., 2012b]. In brief, photons of 10.5 eV with
an energy distribution width of 0.2 eV and an intensity of
~10'> photons s~! were generated by the Chemical
Dynamics Beamline (9.0.2). The photon beam was intro-
duced orthogonally to the GC effluent, and ionized molecules
were accelerated into the extraction region. Since the ioniza-
tion energies of most organic compounds are between 8 and
11 eV, the minimal excess energy (compared to electron
impact ionization at 70 ¢V) 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 El at 70eV, using a standard
tungsten filament. The frequency of data collection was set
at 200 Hz.

[11] The molecular ion signals for linear, branched, and
cyclic alkanes under VUV ionization are used as the basis
for quantification [fsaacman et al., 2012a]. Details about
the calibration method based on molecular structures are
described in Text S1 of the supporting information. The ad-
justed molecular ion signals were then quantified based on
known quantities (5 ng cach) of perdeuterated internal stan-
dards (n-hexadecane-day4, n-cicosane-dg,, n-tetracosane-dsg,
and r-octacosane-dsg, C/D/N Isotopes) spiked onto the filter
punches prior to analysis. In quantifying the aliphatic hy-
drocarbons, only the UCM region of the chromatogram
was considered (second dimension retention time between
0.4 and 0.9s). 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-processing procedures [Isaacman et al., 2012a], such
that only aliphatic molecular ions (C,H,") were considered
for quantification. All data processing and visualization of
GC x MS data were performed using custom code written
in lgor 6.2.2 (Wavemetrics) adapted from high-resolution
analysis of Aerodyne high-resolution time-of-flight mass
spectrometer (AMS) data [DeCarlo et al., 2006], while
visualization of two-dimensional chromatography data and
detection of chromatographic peaks were carried out using
GC Image software (LLC).

2.3.
[12] Colocated measurements of volatile organic com-
pounds (VOCs) and OA are also used for comparison.
Details of the GC/MS technique used to measure VOCs in
LA are described by Gilman et al. [2010]. Average photo-
chemical age of air masses at the LA site was calculated
using the ratio of 1,2 4-trimethylbenzene to benzene
[Parrish et al., 2007; Borbon et al., 2013]. GC/MS measure-
ments 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]. Mass con-
centrations of organic aerosol were measured using an
Aecrodyne high-resolution time-of-flight mass spectrometer
(hereafter referred to as AMS) [Hayes et al., 2013].

Other Measurements
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Total ion chromatogram of (a) LA sample (30 May) and (b) Bakersficld sample (23 June). The

unresolved complex mixture (UCM) of aliphatic hydrocarbons, between first dimension retention times of

30 and 50 min, is evident in both samples.

3. Results and Discussion
3.1. Resolving the UCM Using GC x GC and GC x MS

[13] Figure 1 shows the total integrated ion chromatogram
of the LA and Bakersfield samples under VUV ionization.
Similar to previous work using GC x GC to analyze atmo-
spheric 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 Figure S2 in the supporting information.
Despite the increased peak resolution, there is still a large
unresolved “hump” in the nonpolar region of the chromato-
gram, representing the UCM. The dominance of the UCM is
present in most ambient samples that were analyzed by EL
The inability of GC = GC to resolve these aliphatic hydro-
carbons is likely due to the large number of possible consti-
tutional 1somers [Goldstein and Galbally, 2007], resulting
in overlapping volatilities. In addition, even though the iso-
mers are structurally different, all hydrocarbons are nonpo-
lar and arc essentially unretained in a polar column,
resulting in poor second dimension resolution. Further chro-
matographic separation of the UCM can be performed using
other column pairings [Nelson et al., 2006; Vogt et al.,
2007] or coupled liquid chromatography—GC x GC [Mao
et al., 2009]. However, in analyzing atmospheric samples,
a polar column is preferred owing to the need to also sepa-
rate aromatic and oxygenated compounds, which are always
present. Orthogonal separation by volatility and polarity
also allows for convenient inputs into two-dimensional
frameworks used to model evolution of organic compounds
in the atmosphere [Jimenez et al., 2009; Isaacman
etal.,2011].

[14] 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 ¢V as the ionization technique, which
imparts a large amount of excess energy and causes extensive
fragmentation. While the fragmentation mass spectra can in
many cascs 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,
ete. (corresponding to C,Hj,+; and C,H>, | ions, where x is
typically between 3 and 6). As a result, these compounds

cannot be distinguished from each other, as illustrated in
Figure 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 by a factor of 20-70
[Northway et al., 2007]. Similar to aliphatic compounds in
diesel fuel shown in our previous study, coupling soft ioniza-
tion with volatility-based GC separation allows hydrocar-
bons in the UCM in the ambient atmosphere to fall into
distinguishable patterns in a GCxMS plot (Figure 2b)
[Wang et al., 2005; Isaacman et al., 2012b].

[15] In the GC x MS diagram (Figure 2), all compounds
with the same carbon number fall into the same cluster. The
carbon number corresponding to each cluster is identified
using known retention times of n-alkanes and their molecular
weights. Within each cluster, the molecular formulas of dif-
ferent isomers are identified from molecular weights of par-
ent 1ons, shown on the y axis of Figure 2b. Every decrease
of 2 in parent m/z (i.e., loss of 2 H atoms) corresponds to a
double bond or a ring. As a result, the complex mixture can
be speciated by the number of carbon atoms and the number
of double bond equivalents, Npgg, which is the total number
of rings, double bonds, and twice the number of triple bonds.
In the samples from both urban sites, the observed UCM lies
in the range of 20-25 carbon atoms. In this range, alkanes
have saturation vapor pressures between 9% 10™® and
9x 107® Torr (saturation concentrations between approxi-
mately 2 and 200 pgm~—> at 298K) and are therefore
semivolatile and expected to exist in both the particulate
and gas phases under relevant ambient 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 sam-
ples used in this study. Most hydrocarbons observed have
Npgg < 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 decomposi-
tion of labile compounds (containing oxygen or nitrogen)
cannot be ruled out, the distributions across different Npgg
classes were similar to those observed in unoxidized motor
oil [Isaacman et al., 2012a]. Therefore, cyclic alkanes (not
alkenes or alkynes) are expected to dominate aliphatic com-
pounds observed with Npgg > 0 in Bakersfield and LA, sim-
ilar to alkanes found in motor oil.



CHAN ET AL.: UCM COMPOSITION IN ATMOSPHERIC ORGANICS

§(a) Bakersfield, El

40 45

b) Bakersfield, VU

30 35 40 45

Retention Time, min

¢) Bakersfield, VUV

linear

330

B1

B2
= W ';n

m/z

320
315
38

40 42

TR

44

I

Cy3H,g alkanes

Ca3Hag cycloalkanes

Cy3Hay bicycloalkanes
Cs3H,, tricycloalkanes
Co3Hyg steranes + benzenes
Cg3H3g hopanes + tetralins

46

Retention Time (min)

Figure 2. GC x MS plots of UCM in Bakersfield sample (23 June) under EI and VUV ionization. (a)
Under electron impact, strong fragmentation causes most of the signal to fall on the same fragment
C,H," ions, as delineated by horizontal lines along a few select m/z. (b) Under VUV, molecular ions are
retained and cluster by carbon number in a GC % MS plot. (c) One such cluster denoted by the red arrow
is expanded. 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.

[16] Within each double bond equivalents class, gas
chromatography provides separation of structural 1somers
(with the same molecular formula) by volatility. Since
branched alkanes are more volatile than their linear coun-
terparts of the same carbon number, they elute earlier from
the first dimension column. As shown in Figure 2c, good
chromatographic resolution is achieved for linear and
branched alkanes with Npgg=0. Unlike in diesel fuel
[Isaacman et al., 2012b] but as observed in motor oil
[Isaacman et al., 2012a], 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 geometric (cis/trans) isomers. As
a result, mass concentrations of branched isomers are only
reported for acyclic alkanes (Npgg=0). Following the naming
convention of our previous work, we refer to branched iso-
mers which contain x alkyl branches as Bx isomers. For exam-
ple, BO refers to the linear alkane, B1 refers to alkanes with
one alkyl branch, etc.

[17] 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
arc shown in Figure 3. The relative ratios of total branched
alkanes to lincar alkanes (hereafter referred to as B/N ratio)
vary greatly between the two urban sites, from ~1 in the 5
June LA sample to >10 in both Bakersfield samples,
shown in Figure 4. Here we investigate how the sources

and atmospheric reactions of these SVOCs affect their rela-
tive abundances.

3.2. Processing of Semivolatile Hydrocarbons in
Los Angeles, California

[18] Inboth LA samples analyzed under VUV photoioniza-
tion, while the unresolved “hump” is visible in the chromato-
gram, aromatic and more polar compounds have higher total
integrated 1on signals than the UCM (Figure 1a). The most
abundant isomer for each carbon number is the linear alkane,
accounting for >30% of the total acyclic alkane mass. The
fraction of linear alkane is similar to those found in diesel fuel
[Isaacman et al., 2012b], albeit at smaller carbon numbers.
The two samples analyzed using VUV represent two different
periods in the field campaign. From 2 to 6 June, there was a
steady buildup of pollutants due to periodic entrainment of
the residual layer aloft, causing fresh emissions in the bound-
ary layer to be mixed with aged pollutants that remained in the
basin [Pollack et al., 2012]. On 30 May, no such buildup was
observed. Owing to this difference in meteorological condi-
tions, the integrated OH exposure, calculated from the ratios
of 1,2 4-trimethylbenzene (1,2,4-TMB) to benzene [Borbon
et al., 2013], was higher during collection of the 5 June sample
(4.8x 10" molecules cm™>s or 89h at OH=1.5%10°
molecules cm™?) than that of the 30 May sample (2.6 x 10™°
molecules cm s or 4.8 h).

[19] The B/N ratios of Cy—Cy4 hydrocarbons in the 30
May sample are higher than those in the 5 June sample,



CHAN ET AL.: UCM COMPOSITION IN ATMOSPHERIC ORGANICS

50 4 (@) LA, May 30

W hopanes + lelralins

m sleranes + benzenes
m tricycloakanes

-a = bic;;dolaklakanas
< 20 E malaaa:es
w
2 2 -
=
10 / / / /
" |/// ////
23
Carbon Number
100 1 (¢) Bakersfield, June 23
m hopanes + letralins
B0 + m steranes + benzenes
— m tricycloalkanes
(=] m bicycloalkanes
L 60 4= cycloakanes
®» acyclic alkanes
& 40
=
() I A Y A T A

20 21
Carbcn Number

20 4 (b) LA, may 30 (acyclic alkanes)
m B4+B5 alkanes
W B3 alkanes
m B2 alkanes
= B1 alkanes
1 linear akanes

15

10

Mass (ng)

20 21 22 23 24 25
Carbon Number

30,7 (d) Bakersfield, June 23 (acyclic alkanes)

25 - m B485 alkancs
m B3 alkanes
20 - = B2 alkanes
O B1 alkanes

0 lnear alkane
15

10 +

Mass (ng)

5 4

20 21 22 23 24 25
Carbon Number

Figure 3. Distribution of alkane isomers in LA (30 May) and Bakersfield (23 June) samples. (a and ¢)
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include only those of acyclic (linear and branched) alkanes. While the distributions among different Nppg
in LA and Bakersfield are similar, the branched acyclic alkanes are more abundant relative to linear alkanes

in Bakersfield than in LA.

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 gas and
particle phases, C,;—Cy4 hydrocarbons are sufficiently
volatile that their gas-phase reactions with OH are domi-
nant 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 dif-
ferences in gas-phase reaction rates with OH radicals, and the
decay can be described by the following equation:

B _ (B _kwsru—karn)|OH] dt ]
(N)samplc (N)Ue ( }

[20] (B/N)g is the B/N ratio at the source. (B/N)samplc is the
B/N ratio of each individual sample. kg is the average OH re-
action rate of all branched isomers (cm® molecule™ s™"),
which is treated here as an unknown. ky is the OH r{:actlon
rate of the linear alkane (cm® molecule™' s~!), calculated
from structural-reactivity relationships [Kwok and Atkinson,
1995]. fy 1s the average gas-phase fraction of the linear iso-
mer. f is the average gas-phase fraction of branched isomers.
| [OH]dr is the integrated OH exposure (molecules cm™> s)
for that sample, calculated from the 1,2,4-TMB to benzene
ratios [Borbon et al., 2013]. Equation (1) is similar in form
to previous investigation of hydrocarbon clocks for gas-
phase oxidation, with one notable exception. Here we in-
clude 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 AMS [Hayes et al.,
2013], and temperature. Both OA mass concentrations and
temperatures were similar between the two filter sampling
periods (at 7pgm > and 290K). For the data shown in
Figure 5, we assume that fyy and f are constant to derive kg
for each carbon number.

[21] To investigate the relationship between B/N ratios
and OH exposure, the B/N ratios at the source (corre-
sponding to zero OH exposure) must be known. Since
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Figure 4. Ratios of branched to lincar 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 are
averaged over all seven samples, and the error bars represent
the standard deviations in the seven samples.



CHAN ET AL.: UCM COMPOSITION IN ATMOSPHERIC ORGANICS

(a)
15
< 1.0
©
<
m p5
Coefficient values = 1 std dav/
(BN)y=1.4+ 0.1
slope = 8.0e-012 + 3.1e-012
I 1 1 I 1
0 10 20 30 40x10°
OH exposure, molec cm™ s
(c)
C
Ces
35
3.0
o
@ 25
<
@ 20

Coefficient values + 1 std dev
15 (B/N)y=3.40 = 0.08
' slope = 8.0e-012 + 0.9e-012

T T T T

0 10 20 30

T
40x10°
OH exposure, molec cm™ s

(b)
51
he]
©
=
g
m
1 - |Coefficient values = 1 std dev
(BMN)p=2.6+ 0.4
slope = 9.5e-012 + 5.5e-012
I I 1 1 1
0 10 20 30 40x10°
OH exposure, molec cm? s
(d) C
o
©
<
m
1 |Coefficient values + 1 std dev
(BMN)y=66=15
slope = 1.6e-011 = 1.0e-011

T
0 10 20 30 a0x10°

OH exposure, molec cm™ 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 was calculated using the ratio of 1,2,4-TMB to
benzene [Borbon et al., 2013]. The black lines represent the best fit lines to equation (1), and the fitted co-
efficients are shown in Table 1. The dark grey and light grey shaded areas represent the 68% and 95% con-

fidence intervals of the regressions, respectively.

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, in July
2010. Here we focus on the branched and linear acyclic al-
kanes between Cp; and C,4. The average B/N ratios of
these alkanes in all seven tunnel samples are presented
in Figure 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 seven samples to be the
uncertainty in B/N ratios for cach 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 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 1s shown
in Figure 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 — fakg). In general, the average rate constants
of branched alkane isomers are 21-35% higher than that of the
linear alkanes (see Table 1).

[22] 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,
using electron impact, detailed speciation, similar to that

Table 1. Average Gas-Phase OH Reaction Rate Constants of Linear (k) and Branched (kz) Alkanes Calculated by Structure-Reactivity
Relationships (SRR) [Kwok and Atkinson, 1995] and the Rate Ratios of Bl (kg,/ky) and B2 lsomers (kgp/ky) to Linear Isomers

Calculated From SRR and Observed in Ambient LA Samples®

Carbon k(107" em® molecule ' s7") kg (107" em® molecule 's™Y)  kyilky  kgolky  kg'ky Observed (From kg, /ky Observed (From EI
Number From SRR From SRR (SRR)  (SRR) VUV Data) Data)

21 2.66 2.88 1.08 1.01 1.21+0.47

2 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

“Here we assume B2 to contain two tertiary carbon atoms. The uncertainties in observed rate ratios are derived from the standard deviations in the regres-
sions shown in Figure 5. See Text S§3 in the supporting information for derivation of kg, from EI data.
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Figure 6. Extracted ion chromatograms of m/z 57 under EI (dark grey) and molecular ions of alkanes un-
der VUV (all other colors). For each molecular ion, the latest eluting peak represents the linear alkane.
Under EI, m/z 57 represents the C4Hg ion, the most abundant fragment ion of high molecular weight al-
kanes. The EI m/z 57 trace shows identical peak shapes to the molecular ion traces where the Bl 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,;—C,4 in Bakersfield samples and C,,—C,,4 in the LA samples, the con-
tributions 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 EIL

achieved in Figure 3, is difficult owing to extensive fragmen-
tation and coelution of isomers. However, some B0 (lincar)
and B1 isomer peaks can be resolved from other isomers,
and their retention times and molecular formulas are con-
firmed by VUV analysis, as shown in Figure 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
Cy,-Cy4 alkanes in the LA samples. Other isomers, such as
B2 isomers and isomers with Npgg > 0, remain unresolved
using El. The ratio of B1 to linear isomers (B1/N ratios) for
each carbon number was calculated from the background-
subtracted signals of C4Hg (m/z 57), the most common
alkane fragment ion. Using this method, more reliable esti-
mates of kp are derived from El 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 criti-
cally determine gas-phase fractions and hence oxidation rates
of SVOCs. For the El data set, we first determine the average
photochemical age for each sample, assuming an [OH] of
1.5 x 10° molecules cm ™. An average temperature and OA
mass for that time period, to which each air plume repre-
sented 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)y 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 El data. The regressions
are shown in Figure S3 in the supporting information.
Values for kg, are consistent with those derived from VUV
data, as shown in Table 1, confirming that B1 isomers of
Coy-Cy4 alkanes are consumed more rapidly than linear iso-
mers. Figures 7a—7c¢ show the diurnal profiles of the B1/N ra-
tios, 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 alter gas/particle partitioning) to be the
cause of the observed drop in B1/N ratios.

[23] Structure-reactivity predictions for linear and bran-
ched alkanes with 21-24 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 has higher OH reac-
tion rate than two secondary carbon atoms if the tertiary car-
bon 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,,—C,4 alkanes that alkyl branching
will instead occur at the 3-position 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 heteroge-
neous oxidation of motor oil particles [Isaacman et al.,
2012a]. In those experiments, 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
arc roughly consistent with those of gas-phase rate con-
stants observed in this work.

[24] 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 com-
pounds 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 was not caused by emissions of linear alkanes
from biomass or biofuel burning, and consistent with
results from AMS analysis [Hayes et al., 2013]. No addi-
tional 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,
California, and the LA Basin, but concluded that differ-
ences would likely be minimal based on comprehensive
fuel analysis across the state [Gentner et al., 2012].
Additionally, this would only affect B/N ratios of the
emission source (B/N), and would be unlikely to cause
B/N ratios to decrease with photochemical age as demonstrated.
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Figure 7. Diurnal profiles of B1/N ratios in LA. The minima of B1/N ratios occur between late morning
and early afternoon local time, consistent with maximum photochemical activity.

3.3. Source of Semivolatile Hydrocarbons
in Bakersfield

[25] Semivolatile and nonvolatile hydrocarbons in Baker-
sficld appear to originate from a broader combination of
sources than in LA. First, the high concentrations of odd-num-
ber n-alkanes (C,3 and C,s; see Figure 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]:

I — Z,!_Smcziu + E:fucziﬂ

Cp 15 -
25210

2)

where C, 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
Fourier transform infrared data from CalNex Bakersfield,
which suggests that up to 10% of organic aerosol is likely
vegetative detritus [Liu ef al., 2012].

[26] Using GC/VUYV, 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 sam-
ples. Since semivolatile branched alkanes react with OH
radicals faster than linear isomers both theoretically (from
structure-reactivity relationships) and in flow tube experi-
ments [lsaacman et al., 2012a], 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 suggests that a
major source of lincar alkanes is motor vehicles (Zhao
et al., Sources of organic aerosol investigated using
organic compounds as tracers measured during CalNex in
Bakersfield, submitted to Journal of Geophysical Research,
2013), the high B/N ratio of the UCM suggests that there is
also a large source of predominantly branched semivolatile
hydrocarbons in addition to motor vehicles contributing sig-
nificantly to the Bakersfield UCM.

[27] 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 pre-
viously described. B1/N ratios of only C,3 and Cy4 can be
reliably determined from EI data, owing to coelution of
other linear alkanes with B2 isomers (see Figure 6).
Extensive comparisons to speciated VOC concentrations
in the region showed poor correlations of B1/N ratios to vol-
atile 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 refin-
ing operations in the area, as Bakersfield is surrounded by
numerous oil and gas fields, and two refineries are within
15km of the sampling site. The isomer distributions of
C51—Cs4 hydrocarbons of the ambient Bakersfield samples
arc therefore compared to those of three crude oil samples
and one motor oil (SAE 10W-30) sample. As shown in
Figure 8, the B/N ratios of the three 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
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Figure 8. Ratios of branched to linear alkanes (B/N) of am-
bient Bakersfield samples, 10W-30 motor oil, and three sam-
ples 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 SIV crude oil
sample (sample 3) approach those in Bakersfield, suggesting
that the source of these hydrocarbons is related to oil opera-
tions in the area.

stronger temperature dependence and increase significantly
when motor vehicle 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 Bakersficld is consistent with that in mo-
tor oil and one of the three 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.

3.4. Modeling Relative SOA Formation From Branched
and Linear Alkanes

[28] Oxidation of semivolatile alkanes has been proposed
to contribute significantly to urban SOA formation. While
branched isomers are more likely to fragment upon oxidation
[Lim and Ziemann, 2009], their emissions are higher and are
oxidized more rapidly, owing to 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 (hereafter referred to as SOAg) for a par-
ticular carbon number can be described by the following:

(3, J32) o

where Y and Yy are the SOA mass yields for a branched al-
kane and a linear alkane, respectively. Here we calculate the
theoretical SOA yields using a near-explicit gas-phase oxida-
tion mechanism and theoretical partitioning based on work
by Jordan et al. [2008]. We note that the SOA yields of

| — o—kafsJ[OH]ds
1 — (’._kh‘fﬁjlon]d-f

SOAz
SOAN -

SOAﬂ[{N -

C5,—C54 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 car-
bon number range. However, the approach by Jordan et al.
[2008] is preferred here because the inclusion of a fragmenta-
tion mechanism is straightforward and the volatility basis set
does not distinguish between different alkane isomers.

[29] The partitioning of alkanes between gas and aerosol
phase (fz and fy) depends critically on organic loading and
temperature. For our base case simulation, we assume an or-
ganic loading of 10 pgm > and an average temperature of
293K, which is typical of ambient conditions during
CalNex LA [Hayes et al., 2013]. To model the SOA yields
Yp and ¥y, one needs to know the fraction of peroxy radicals
that forms alkoxy radicals and decompose into a smaller
product, referred to as the “fragmentation branching ratio.”
Here we use 0.30 for this ratio in branched alkanes system,
an intermediate value from laboratory studies [Lim and
Ziemann, 2009], and assume it leads to a ketone with a car-
bon number half that of the parent alkane. For linear alkanes,
no fragmentation is expected to occur in this carbon number
range, and this fragmentation branching ratio is therefore
zero. We assume that [OH] is constant at 1.5 x 10® molecules
cm ™~ [Hayes et al., 2013] and perform the simulation for
11h, the maximum photochemical age calculated from
observed 1,2,4-trimethylbenzene/benzene ratios. Figure 9
shows SOA g, for this base case scenario. SOA g decreases
with time because oxidation products of less reactive lincar
alkanes are formed later and partition into the particle phase

Cay: (B/N)g = 1.4

Cap: (BIN)o = 2.6

Cza: (BJ{N)O = 3.4

Branched SOA /Linear SOA

Cay: (B/N)o = 6.6

8.0 —
7.5
7.0

4 6 8
Photochemical Age, h

10

Figure 9. Base case simulation for simple box model. The
mathematical equation 1s described by equation (3). For this
simulation, the values for (B/N)g and kg were derived from
CalNex data summarized in Figure 5 and Table 1, respec-
tively. SOA yields were calculated using the oxidation mech-
anism from Jordan et al. [2008], assuming 0.3 of reacted
hydrocarbon fragments upon oxidation. The temperature of
293 K and organic loading is 10 pgm ™, which are typical
of conditions during CalNex LA. [OH] is assumed to be con-

stant at 1.5 x 10° molecules cm ™.
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Figure 10. Effect of including various factors into determining relative SOA formation from (a) C,, and
(b) C,4 alkanes. The dotted line denotes equal SOA formation between all branched 1somers and the linear
alkane (SOA = 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 Figure 5). The green line and arrow denote
accounting for the differences in gas-phase oxidation rate constants, assuming all SVOCs 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 293 K and an organic

loading of 10 pgm™=>.

after those of branched alkanes do. However, as shown in the
contour plots in Figure S4 and in equation (3), SOA g4y is lin-
car with respect to (5/N)g and is therefore a stronger function
of the emission ratios than photochemical age under typical
urban conditions. As demonstrated in previous sections, (8/
N)g can vary by an order of magnitude depending on the
source. In the range of (B/N), observed in this work, SOAg,
w is expected to be at least 0.5 for all carbon numbers and
can be greater than 10 in many cases. These results are qual-
itatively consistent with those from recent laboratory
experiments and demonstrate that these previously
unresolved alkanes are dominant SOA precursors, largely
owing to greater abundances [Tkacik et al., 2012].

[30] Figure 10 shows the relative importance of different
parameters that affect SOApgn, including gas/particle
partitioning (fz and fy), gas-phase kinetics (kz and ky),
SOA yields, and emission ratios. Branched alkanes have
lower SOA yields owing to greater extent of fragmentation.
However, as a result of their higher volatilities, larger OH
rate constants, and higher emissions, SOA formation from
branched alkanes is expected to be 0.6 to 9 times that from
linear alkanes in this carbon number range. In particular,
the partitioning between gas and particle phases of the alkane
precursors plays an important role in determining their avail-
ability for gas-phase OH reaction [Miracolo et al., 2010].
This effect is particularly apparent for C,4, where the differ-
ence in gas-phase fractions between linear and branched iso-
mers is the greatest. It is therefore expected that temperature
and organic loading have important effects on the relative
oxidation rates through gas/particle partitioning and on sub-
sequent SOA formation.

[31] To examine these effects individually, we carry out
sensitivity analyses by performing the simulations at
different temperatures and organic mass concentrations
representing the typical range of conditions during
CalNex. It is important to note that the effects of tempera-
ture and organic loading on oxidation rates are opposite to

those on SOA yields. Assuming gas/particle equilibrium,
which was found to be a reasonable approximation for the
LA site [Zhang et al., 2012], increasing organic mass leads
to a smaller gas-phase fraction of both the alkane precursors
and their oxidation products, leading to lower effective
oxidation rates and higher SOA yields simultancously. As
shown in Figure 11a, the organic loading increases the rela-
tive contribution of branched SOA, indicating that these two
effects are greater for branched alkanes than for lincar al-
kanes. Figure 11b shows the effect of temperature on
SOAg- While increasing temperature increases fractions
of both branched and linear alkanes in the gas phase (f3
and fy, respectively), it increases fy by a larger fraction than
/&, since branched alkanes are more volatile (i.e., fz > fa).
Owing to this shift in partitioning at higher temperatures,
the relative decay of branched to linear alkanes is expected
to be smaller, so the relative contribution of branched iso-
mers to SOA 1s reduced. This also rules out temperature
fluctuations to be the cause of the observed daytime
decrease in B/N ratios of the precursor alkanes shown in
Figure 7, as higher daytime temperatures should lead to
higher B/N ratios (of the precursor alkanes) and lower
SOAgn- Here we examine the effect of temperature on
partitioning of the alkanes only, since the partitioning
parameters of their oxidation products (e.g., vapor pres-
sures, heat of vaporization) and temperature dependence
of SOA vyields are poorly understood.

[32] Lastly, we used this box model to examine the effect of
oxidation parameters on relative SOA formation (Figures 11¢
and 11d). As expected, an increase in oxidation rate constant
of branched alkane relative to that of linear alkane translates
into a linear increase in SOAg. It should be noted that the
photochemical age simulated here is typical of urban condi-
tions (3 h at [OH]=1.5 » 10° molecules cm—>). On these time
scales, the effects of relative kinetics are expected to be more
dominant than on longer time scales. The relative amount of
fragmentation versus functionalization also determines the
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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 varies linearly
with changes in the fragmentation branching ratio. These re-
sults imply that the uncertaintics in estimating kp and ky
(~20% difference between structure-reactivity relationship
(SRR) predictions and ambient measurements) have relatively
small impacts on relative SOA contributions. On the other
hand, more accurate estimates of branching between fragmen-
tation and functionalization are needed to constrain SOA for-
mation potentials from different alkane isomers.

4. Atmospheric Implications

[33] 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, GC = GC 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 charac-
terization 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 alkanes, which are important precursors to
SOA 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 rad-
icals relative to linear alkanes. Detailed characterization of
the UCM also provides information about sources, such as
the odd carbon number preference and high relative concen-
trations of branched alkanes in the Bakersfield UCM consis-
tent 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 of magnitude more to SOA formation than
linear alkanes, despite lower SOA yields. The relative contri-
butions depend strongly on their emission ratios, branching
ratios between fragmentation and functionalization, and
gas/particle partitioning for this range of volatility.

[34] These novel measurements provide a basis to under-
stand atmospheric processing of different hydrocarbons in
the UCM, especially those from fossil fuel-related sources.
The ability to speciate aliphatic compounds provides impor-
tant constraints on both their effective oxidation rates and
potentials to form SOA. As shown in this work, branched al-
kanes 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
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VOC ratios to estimate the gas-phase photochemical age but
is more relevant to understanding SOA formation from oxi-
dation of SVOCs. Our simple box model demonstrates that
the oxidation rates of SVOC depend strongly on the fraction
in the gas phase available for OH reaction [Miracolo et al.,
2010]. As a result, parameters which affect partitioning, such
as organic loading and temperature, also influence the oxida-
tion kinetics. Quantitative measurements of gas/particle
partitioning are therefore crucial to understanding the oxida-
tion of SVOCs, which is expected to be their dominant loss
process in the atmosphere. Also, when using SYOCs as source
tracers or to estimate photochemical age, their gas/particle
partitioning must be taken into account to accurately deter-
mine the extent of their atmospheric processing.

[35] Owing to differences in gas-phase oxidation chem-
istry, 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 Cy;—C54 branched alkanes is expected to play a more
important role in SOA formation than linear alkanes of
the same carbon number, as a result of higher emissions,
faster gas-phase oxidation rate constants, and higher vola-
tility. The GC/VUV technique should be expanded to
alkanes with fewer than 20 carbons, which comprise
the intermediate volatility organic compounds, or IVOCs.
A rtecent modeling study predicts that branched and
lincar IVOCs contribute a comparable compound of
SOA [Pye and Pouliot, 2012], and future work using
speciated GC/VUV measurements can be used to con-
strain their emissions, oxidation rates, and SOA yields.

[36] In this work, we focus our analysis on saturated al-
kanes. Experimental work has shown that the SOA yields
of cyclic alkanes can be higher or lower than linear alkanes,
depending on the degree of ring strain [Lim and Ziemann,
2009]. Here we show that their observed concentrations 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/VUYV and laboratory stud-
ies into their oxidation chemistry and SOA formation mech-
anisms [Lim and Ziemann, 2009; Tkacik et al., 2012].

[37] Since SOA yields depend strongly on molecular struc-
ture, classification of organic species by volatility alone fails
to fully capture known variations in SOA formation.
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 major component in
many SVOC sources. More detailed chemical characteriza-
tion 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 com-
plexity of organic mixtures, detailed speciation is an impor-
tant direction providing essential understanding of emission
sources and their environmental fates.
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