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ABSTRACT: The effects of structure, NOx conditions, relative humidity, and aerosol
acidity on the chemical composition of secondary organic aerosol (SOA) are reported for
the photooxidation of three C12 alkanes: n-dodecane, cyclododecane, and hexylcyclohex-
ane. Acidity was modified through seed particle composition: NaCl, (NH4)2SO4, and
(NH4)2SO4 + H2SO4. Off-line analysis of SOA was carried out by solvent extraction and
gas chromatography−mass spectrometry (GC/MS) and direct analysis in real-time mass
spectrometry. We report here 750 individual masses of SOA products identified from
these three alkane systems and 324 isomers resolved by GC/MS analysis. The chemical
compositions for each alkane system provide compelling evidence of particle-phase
chemistry, including reactions leading to oligomer formation. Major oligomeric species
for alkane SOA are peroxyhemiacetals, hemiacetals, esters, and aldol condensation
products. Furans, dihydrofurans, hydroxycarbonyls, and their corresponding imine analogues are important participants in these
oligomer-producing reactions. Imines are formed in the particle phase from the reaction of the ammonium sulfate seed aerosol
with carbonyl-bearing compounds present in all the SOA systems. Under high-NO conditions, organonitrate products can lead to
an increase of aerosol volume concentration by up to a factor of 5 over that in low-NO conditions. Structure was found to play a
key role in determining the degree of functionalization and fragmentation of the parent alkane, influencing the mean molecular
weight of the SOA produced and the mean atomic O:C ratio.

■ INTRODUCTION

Secondary organic aerosol (SOA) formation generally proceeds
by the multigeneration gas-phase oxidation of volatile organic
compounds (VOCs) followed by condensation of the oxidized
products into the aerosol phase.1 It has been well-established
that once in the particle phase, oxidation products may undergo
additional chemistry, including oligomerization reactions.2−8 A
dominant issue in a particular VOC system is the extent of
particle-phase chemistry in its SOA formation. Oligomerization
has in some cases been observed to occur within seconds of the
onset of particle formation and, in addition, can be sensitive to
the presence of acidic species.3,4,8 Low-volatility, high-molecular
weight oligomers can influence the particle’s phase state.9−11

The molecular characterization of the particle phase holds the
key to identifying particle-phase chemistry in SOA formation.
Cyclic, branched, and linear alkanes constitute a large

fraction of gasoline and diesel fuel.12 Moreover, alkane
combustion and photooxidation products are known to be
important contributors to urban and transportation-related
SOA.12−15 Alkane SOA composition has been reported in a
number of studies (Table 1).15−30

These studies encompass both flow tube and environmental
chamber photooxidation of C6 to C27 alkanes with cyclic, linear,
and branched structures under high- and low-NO conditions.
Observed photooxidation products are hydroxycarbonyls,
alcohols, aldehydes, and carboxylic acids, as well as more
complex species such as furans, lactones, and peroxyhemiace-

tals. Combined experimental and modeling studies point to the
importance of oligomer formation under low-NO oxidation of
n-dodecane.32,35,36 Targeted studies showed that peroxy-
hemiacetals can be important contributors to alkane SOA
formation under low-NO conditions when both aldehydes and
hydroperoxides are present in the gas phase.25,36

Particle-phase chemistry of carbonyl groups is known to lead
to relatively complex structures; for example, 1,4-substituted
hydroxycarbonyl compounds form cyclic hemiacetals that can
dehydrate to form dihydrofurans.37 1,4-hydroxycarbonyls are
found in both the gas and particle phases and when additionally
substituted may participate in further particle-phase chemistry.
Aldehydes are known to undergo imine formation in the
presence of amines, but none of the studies to date has
investigated nitrogen incorporation in the organic aerosol
phase, other than the nitration of secondary alkane sites under
high-NO conditions.38−40 Imines are an important constituent
of “brown carbon”, a broad category of chromophoric organic
material that impacts the optical properties of atmospheric
aerosol.41 Gas- and particle-phase chemical analyses employed
in these previous studies provide a foundation for interpreting
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dependence of alkane SOA composition resulting from changes
in reaction conditions or parent compound structure.
We report characterization of the chemical composition of

SOA generated in the low- and high-NO oxidation of three C12
alkanes: n-dodecane, hexylcyclohexane, and cyclododecane. We
also report the first application of direct analysis in real-time
mass spectrometry (DART-MS) to off-line filter samples to
determine SOA composition; this method allows us to identify
intact compounds, including species prone to reactive loss and
decomposition. Off-line analysis of SOA allows the application
of a variety of softer ionization conditions, preserving
functionalities not detected in aerosol mass spectrometry
(AMS). Reactive DART-MS using ion trap mass spectrometry
allowed the confirmation of hydroperoxide and peroxide
functional groups. Gas chromatography − mass spectrometry
enabled the resolution of isomeric species and provided
structural information. We address the evidence for particle-
phase chemistry in each of these three alkane systems through
detailed analysis of the particle-phase composition. By the
combination of these two mass spectrometry approaches, we
are able to report close to 100% identification and
quantification of the particle phase for each of the three alkane
systems. In all, 750 individual mass spectral features are
identified, and 324 isomers are resolved. We begin with a
description of the experimental techniques applied, followed by
a discussion of the compositions for each of the three alkane
systems. Plausible reaction mechanisms associated with the key
identified species are presented.

■ EXPERIMENTAL SECTION
SOA formation from oxidation of three C12 alkanes (Table 2)
was studied in the dual 24 m3 Teflon reactors in the Caltech
Environmental Chamber, which is described elsewhere.28,29,42

Hydroxyl radicals were generated via photolysis of hydrogen
peroxide using black lights with a peak wavelength of 350 nm.
H2O2 (280 μL of 50% wt. solution, Sigma-Aldrich) was
measured with a glass syringe (Hamilton) and injected into a
glass trap, which was then immersed in a water bath (35−38
°C) while 5 L min−1 of filtered air flowed through the trap into
the chamber. H2O2 was volatilized over the course of 90 min
under these conditions, producing an initial mixing ratio of
approximately 4 ppm. An aqueous solution of ammonium
sulfate was prepared from solid ammonium sulfate (>99.9%,
Sigma-Aldrich) and water (18 MΩ, Milli-Q). Ammonium
sulfate seed aerosol was produced by atomizing a 0.015 M
aqueous solution into the chamber, providing a 15−20 μm3

cm−3 volume concentration. Atomization of aqueous solutions
of 0.015 M NaCl (Sigma-Aldrich, >99%) and (NH4)2SO4
mixed with H2SO4 (Sigma-Aldrich, 18 M) produced seed
aerosol at similar volume concentrations in selected experi-
ments (Table 3).
Teflon filters (Pall Life Sciences, 47 mm, 1.0 μm pore size),

on which SOA was collected, were cleaned prior to aerosol
collection by sonication in a 50/50 (v/v) mixture of heptane
(Aldrich, Chromasolv, >99%) and acetone (EMD, Omnisolv,
99.5%). The filters were dried in glass Petri dishes under a
gentle stream of UHP nitrogen on an aluminum block heated
to 35 °C. Once dry, the filters were stored in glass scintillation
vials with Teflon-lined caps prior to use. Aerosol was collected
on filters in parallel at flow rates of 17 ± 1 and 23 ± 1 L min−1

for 2 h.
Analysis of SOA by DART-MS. Filter samples were

analyzed using two different DART-MS systems: a JEOLT
ab
le
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AccuToF DART-MS and the custom-built Caltech mini-DART
source on a Thermo LTQ ion trap mass spectrometer. The
combination of both instruments provided both accurate mass
measurements and MS/MS data to confirm adduct identities.
The JEOL DART-MS was operated with the discharge

electrode set to +5 kV and subsequent electrodes set to +150
and +250 V. Helium flow was set at 1 L min−1, and the source
was heated to 200 °C. Mass calibration was performed for
accurate mass measurement in both positive and negative
modes by the analysis of a standard solution of PEG-600 in
methanol. Solids were analyzed by placing a small piece in the
DART stream with stainless steel forceps. Solutions were
analyzed by dipping a glass capillary in the solution and placing
the capillary tip in the DART stream. A 1 cm wide swath was
cut from the center of each filter using clean stainless steel
surgical scissors. The filter membrane piece was wrapped
around the tip of clean stainless steel forceps and placed in the
path of the DART stream until the ion current began to decline
after reaching a maximum, indicating that most of the available
organic material had been removed during analysis.
The mini-DART source that we employed offers flexibility in

the ionizer configuration as well as the ability to conduct MS2

experiments with the ion trap mass spectrometer. The needle
electrode was operated at a DC potential of 3−5 kV with a
current between 0.2 and 1.0 mA. The filter electrode was
maintained at a potential of +110−250 V, based on prior
studies with other DART systems.45−48 The helium flow was
1.0 L min−1, and the source temperature was 200 °C. The
outlet of the mini-DART was oriented for direct flow into the
mass spectrometer inlet at a distance of 1−3 cm; the sample,
prepared identically to those analyzed on the JEOL instrument,
was manually introduced into this space. Additional standard
analyses using the mini-DART to assess analyte response across
a broad range of vapor pressures using polypropylene glycol,
cocaine, and heroin are included in the Supporting Information.
Homologous compound standards were analyzed under

conditions identical to those of chamber SOA samples to
identify ionization artifacts and to validate interpretation of
DART mass spectra. A precleaned Teflon filter was spiked with
100 μL of a 4 ppm standard containing n-dodecane (Sigma-
Aldrich, 99+%), 2-dodecanol (Aldrich, 99%), 2-dodecanone
(Aldrich, ≥97%), 1,12-dodecanediol (Aldrich, 99%), and
dodecanoic acid (Sigma, ≥99%) in heptane/acetone (50/50,
v/v). The filter was analyzed in the same manner as the
chamber samples. For calibration of liquid samples, a clean glass
capillary was dipped into the 4 ppm standard mixture and
analyzed. Benzoyl peroxide, lauroyl peroxide, and tert-

butylperoxy benzoate were analyzed individually by dipping a
clean glass capillary into an aliquot of each neat compound then
passing it through the DART stream. For confirmation of the
presence of primary amines (in this case, ammonia), a syringe
with a 2 mM solution of 18-crown-6 in methanol was primed to
load a droplet onto the needle tip. The 18-crown-6 droplet was
cointroduced into the DART stream with the peroxide liquid
sample. Ammonium ion adducts disappear with introduction of
18-crown-6 and are replaced by proton adducts ([M + H]+).
Further discussion of this procedure as well as example mass
spectra appear in the Supporting Information.
Targeted quantitative analysis by DART-MS requires the

presence of an internal standard, typically one that is
isotopically labeled so as to have the same vapor pressure
and proton affinity as the analyte.49 Choosing an internal
standard is more difficult in the case of a complex mixture of
unknown compounds with a range of vapor pressures. The
ideal internal standard for SOA analysis would be an organic
compound with a vapor pressure and proton affinity similar to
that of the projected components, be present solely in the
particle phase at a mixing ratio near that of the photochemical
products, but be nonparticipatory in particle-phase reactions.
Such an ideal standard has not been identified, so an alternative
internal standard was chosen. Dibutyl phthalate is present in
the Teflon filters used to collect the particles; it can be
considered to be in excess with respect to individual SOA
components. It is also assumed that its ion current intensity is
proportional to the DART stream spot size and other transient
ionization conditions.
Vapor pressures and proton affinities must be similar for the

internal standard and average predicted analyte. Semivolatile
compounds have vapor pressures between 10−5 and 10−11 atm,
and compounds composing aerosol have vapor pressures below
about 10−11 atm.50 Dibutyl phthalate has a vapor pressure of
5.93 × 10−9 atm at 298 K.51 This vapor pressure is within the
range of expected analyte vapor pressures but biased toward the
semivolatile range. Dibutyl phthalate forms a proton adduct
([M + H]+, m/z 279.1591) in positive-mode DART
ionization.52,53 Proton affinity (PA) is defined by the reaction
of M + H+ → MH+, where ΔHrxn = −PA, and PA is reported in
kilojoules per mole.54 The estimated PA for the average
predicted alkane SOA compound is on the order of ∼839 kJ
mol, based on the PA values for homologous compounds (4-
methylcyclohexanone (844.9 kJ mol−1), ethyl methyl carbonate
(842.7 kJ mol−1), n-propyl acetate (836.6 kJ mol−1), n-dipropyl
ether (837.9 kJ mol−1), 4-heptanone (845.0 kJ mol−1),
tetrahydro-2-methylfuran (840.8 kJ mol−1), and 2,5-dihydrofur-

Table 2. C12 Compounds Studied

aUsing EVAPORATION.43 bCalculated using relative rate from n-dodecane kOH in the University of Leeds’Master Chemical Mechanism (MCM).44
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an (823.4 kJ mol−1)).55 The proton affinity of dibutyl phthalate
can be estimated from its homologue, dimethyl p-phthalate
(843.2 kJ mol−1).55 The difference between the estimated PA
for the internal standard, dibutyl phthalate, and the average
predicted alkane SOA compound is ∼0.5%. There is good
agreement between the internal standard and predicted analyte
PA, and the assumption that the ratio of the internal standard
and analyte PA is ∼1 holds for this predicted system.
A relationship between analyte concentration and ion current

must be established next. For DART-MS, the ion current
intensity I of any species is proportional to the concentration C,
vapor pressure Pvap, and proton affinity A: I = APvapC. This
equation is written for both the analyte (A) and the internal
standard (IS) and then ratioed, allowing for the cancellation of
the proton affinity term. Analyte vapor pressures were
estimated by using the EVAPORATION model; imine
functional groups are not included in the EVAPORATION
model, but their vapor pressures were estimated from their
carbonyl analogues because of the first-order similarity in bond
polarity between carbon and oxygen or nitrogen.43 When
rewritten to solve for the ratio of the concentration of analyte
to the concentration of the internal standard, the equation
becomes

=C
C

P

P
I
I

A

IS

vap,IS

vap,A

A

IS

The dominance of one or a few compound classes makes it
preferable to use the log of the ratio of concentrations of
analyte to internal standard for each compound and summed
for each compound class. The relative concentrations for each
compound class allows for comparison between functional
group abundances. To calculate the mean molecular weight for
each chamber SOA sample, these relative concentrations were
summed to obtain the total. Using the total, a percentage
contribution for each compound was obtained, and that was
used as the weighting factor for each compound in calculating
the mean molecular weight. A further discussion of this
calculation procedure appears in the Supporting Information.
From the formulas obtained by DART-ToF-MS analysis,

H:C and O:C ratios were calculated and plotted on a van
Krevelen diagram56 to depict the trends in functionalization
and fragmentation for each chamber SOA sample. Typically, a
van Krevelen diagram is generated from high-resolution aerosol
mass spectrometery data, where each data point on the diagram
corresponds to the bulk SOA chemical composition at a specific
time point. Here, each data point represents a specific
compound detected by DART-MS. The van Krevelen diagram
has been developed as an interpretation of HR-MS data to
visualize the functionalization of complex organic mix-
tures.30,33,56−62 The slope of a line drawn between or through
points in a van Krevelen diagram represents the extent of
addition or loss of C, H, or O atoms, which when interpreted
with the source HR-MS data obtained by soft ionization,
translates to the net differences in functionality between the
detected compounds.33,60 From this type of analysis, the
distribution of products from a chamber SOA sample can be
visualized and interpreted along the lines representing
hydration, peroxide formation or alcohol addition, ketone or
aldehyde formation, carboxylic acid formation, or nitrate
addition. The line with slope = −1, for example, can represent
both a carboxylic acid group addition or the addition of both a
carbonyl group and a hydroxyl group to the same compound;T
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therefore, hydroxycarbonyl formation and carboxylic acid

formation appear along the same line on a van Krevelen

diagram.

Analysis of SOA by GC/MS. Filter extracts were analyzed
by a Varian Saturn 2200 gas chromatograph (GC) ion trap
mass spectrometer. The GC was equipped with an autosampler,
a programmed temperature vaporization (PTV) injector

Figure 1. (a) Total ion chromatogram (EI-MS) of n-dodecane SOA produced under low-NO conditions with ammonium sulfate seed aerosol. The
starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180 amu. (b) Total ion chromatogram (CI-MS) of n-dodecane
SOA produced under low-NO conditions. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180 amu. (c)
Extracted ion chromatogram (EI-MS) for m/z 180. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight of 180
amu. (d) Extracted ion chromatogram (CI-MS) for m/z 180. The starred peak at 17.5 min corresponds to the target analyte with a molecular weight
of 180 amu. (e) Electron impact mass spectrum at 17.5 min, with m/z values labeled from the high-resolution GC/ToF-MS analysis, along with
assigned fragment formulas. (f) Chemical ionization mass spectrum at 17.5 min, with methanol as the reagent gas. (g) (+)-DART mass spectrum of
n-dodecane SOA produced under low-NO conditions with ammonium sulfate seed aerosol. The starred peak corresponds to the target analyte with a
molecular weight of 180 amu.
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(Varian 1079) lined with a deactivated glass single-gooseneck
liner with a deactivated glass frit (Restek, Sky, 3.4 mm ID), and
a DB5-MSUI column (0.25 μm × 0.25 mm × 30 m). The PTV
inlet temperature program was (i) 45 °C for 0.50 min, (ii) 180
°Cmin−1 to 300 °C, and (iii) hold at 300 °C for 46.58 min.
The oven temperature program was (i) 65 °C for 10 min, (ii)
10 °Cmin−1 to final temperature of 300 °C, and (iii) 300 °C
for 15 min. Electron impact and chemical ionization (CI) mass
spectra were collected for each sample. The GC/CI-MS
analysis was conducted with methanol as the reagent gas,
generating protonated analyte species ([M + H]+). These
protonated species are not stable and dehydrate to form [M +
H − nH2O]

+. Additional analysis by GC/CI-MS/MS using
methanol as the reagent gas was conducted to obtain additional
structural information for compounds detected in CI mode.
Additional discussion of standards analysis and measures taken
to minimize method artifacts is provided in the Supporting
Information.
Samples were also analyzed on a Waters GCT Premier in

electron impact (EI) ionization mode. The GCT Premier
combines an Agilent 6890N GC with a Waters orthogonal
acceleration time-of-flight mass spectrometer (resolution 7000
fwhm). The GC was equipped with an autosampler (Agilent
7683), a split/splitless injector held at 275 °C and lined with a
deactivated glass single-gooseneck liner with a deactivated glass
wool plug (Restek, Sky, 4.0 mm ID), and a DB5-MS column
(0.25 μm × 0.25 mm × 30 m). The oven temperature program
was (i) 65 °C for 10 min, (ii) 10 °Cmin−1 to final temperature
of 300 °C, and (iii) 300 °C for 15 min. Continuous
introduction of perfluorotributylamine (PFTBA) to the ion
source enabled accurate mass determination. Postprocessing of
centroid mass spectra was carried out by linear interpolation
between PFTBA peaks on either side of the analyte peak of
interest.
The GC/MS data set comprises unit-mass resolution data

acquired in both EI and methanol CI mode on the Varian
Saturn GC/IT-MS and high-resolution data acquired in EI
mode on the Waters GCT Premier. By using nearly identical
temperature programs and identical columns, compounds were
linked across ionization modes and instruments by retention
time. A database was assembled of retention time and mass
spectral data (ions formed under CI, EI-MS fragments, and
molecular ions) for all samples tested. Through these
correlations of molecular responses to the different ionization
conditions and the use of high-resolution mass spectral data,
molecular formulas were obtained using the elemental
composition tool in MassLynx (Waters).
SOA samples generated under high- and low-NO conditions

with ammonium sulfate seed were analyzed by high-resolution
mass spectrometry with positive mode DART ionization
(DART-MS). For DART-MS data, all mass spectral peaks
over 1% relative intensity (approximately 1000 counts, signal-
to-noise ratio ≈7) were included in the analysis. Assignments
were made by choosing the minimum error for a formula that
fits within the expected range of elemental compositions (C1−
C50, H1−H100, O0−O50, N0−N5); the mass tolerance was 15
ppm. The DART-MS analysis was complemented by adding
the dimension of chromatographic separation (GC/MS) with
its sensitivity to structural differences. Chromatograms with
unit-mass resolution electron impact and chemical ionization,
as well as high mass resolution electron impact mass spectral
data, were acquired for each sample. Chromatographic peak
intensity was judged relative to the most intense peak present,

and all chromatographic peaks over 5% relative intensity were
included in the analysis.

■ RESULTS AND DISCUSSION

Chromatographic retention times were used as identifiers for
compounds in GC/EI-MS (high- and unit-mass resolution) and
GC/CI-MS data. GC/CI-MS peaks were paired by retention
time to GC/EI-MS data acquired on the same instrument.
Retention times were repeatable to ±0.01 min between
chromatographic runs. Retention time indexing enabled the
linking of molecular weight (obtained from the measured [M +
H]+) to the fragmentation pattern produced by electron impact
ionization. [M + H]+ unit mass values were used in conjunction
with the DART-MS data to identify intact molecules outside of
GC/MS analysis and to obtain molecular formulas from the
high-resolution DART mass spectra. Figure 1 shows the
progression of data analysis from a total ion chromatogram,
which is composed of the signal of all ions as a function of
retention time, for both EI- and CI-MS (Figure 1a,b), to an
extracted ion chromatogram (Figure 1c,d), which targets a
specific ion’s signal as a function of retention time, to the mass
spectrum of a compound at a specific time point (Figure 1e,f),
representing a single compound. The DART mass spectrum for
the same sample is depicted in Figure 1g.

Interpretation of GC/EI-MS Data. Unit-mass resolution
GC/EI-MS data were linked by retention time to high-mass
resolution GC/EI-MS data. The high-resolution mass spectra
were the combination of the analyte and the mass calibrant,
PFTBA, so the unit-mass resolution EI mass spectra were used
as a reference to identify analyte peaks. The accurate masses of
ions were converted to formulas through the use of Waters’
Mass Lynx software. Fragmentation patterns were interpreted
for structural information with the assistance of the National
Institute of Standards and Technology programs MS Search
and MS Interpreter.

Interpretation of GC/CI-MS Data. Methanol CI mass
spectra with a pattern of peaks spaced by 18 Da were observed
for many chromatographic peaks. These losses of water masses
are explained as the result of dehydration reactions arising from
the protonation of a hydroxylated compound; the peaks then
represent [M + H]+ ions and, in the case of polyhydroxylated
compounds, [M + H − nH2O]

+ ions. An example mass
spectrum that demonstrates the dehydration that can occur
when a polyhydroxylated compound undergoes chemical
ionization is included in the Supporting Information.

Interpretation of DART Mass Spectra. Positive mode
DART ionization uses ambient gases to execute proton transfer
or form ion adducts with analyte molecules. Accurate mass
measurements allowed the determination of ion formulas, and
interpretation of the ion’s identity as a proton, water, or
ammonium adduct was done by interpreting MS/MS data from
the Caltech mini-DART coupled to a Thermo LTQ ion trap
mass spectrometer and by evaluating the most reasonable
structure from a given formula derived from accurate mass
measurements made with the JEOL AccuToF DART. [M +
H]+ and [M + H − nH2O]

+ m/z values from DART-MS were
correlated with GC/CI-MS values and thereby linked with their
chromatographic retention times and electron impact mass
spectra acquired with unit-mass and high resolution. Multiple
occurrences of [M + H]+ and [M + H − nH2O]

+ m/z values at
different retention times were interpreted as different structural
isomers (see Figure 1c).
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Reactive DART-MS methods were used with the Caltech
mini-DART to differentiate nitrates, imines, and hydro-
peroxide-ammonium adducts. The flexible ionizer configuration
allowed for the inclusion into the DART gas stream of
1,4,7,10,13,16-hexaoxacyclooctadecane (abbrev. 18-crown-6), a
reagent that strongly complexes with primary amines. An
important analytical goal was to differentiate ammonium ion
adducts from imine or nitrate compounds by monitoring the
decrease and disappearance of even m/z compounds from the
mass spectrum upon the introduction of 18-crown-6. The
decline of ammonium ion adducts with peroxides in the
presence of 18-crown-6 is caused by the more favorable
formation of 18-crown-6 ammonium ion adducts. Proton
adducts of peroxides are then detected once the ammonium
ion-peroxide adducts are not produced in high abundance.
Spectra that illustrate this method of analysis are provided in
the Supporting Information.
SOA Composition. The experiments were targeted at

exploring the effects of structure (cyclic versus linear alkane) on
SOA composition, and for each structure, the effects of the RO2
+ HO2 pathway (low NO) versus the RO2 + NO pathway (high
NO). For the n-dodecane system, the additional effects of
relative humidity and seed type on SOA composition were
investigated.
n-Dodecane SOA Composition. n-Dodecane Low-NO

SOA Composition. n-Dodecane, when oxidized in the RO2 +
HO2 regime, forms hydroperoxides and hydroxyl- and carbon-
yl-bearing compounds (Figure 2).28,32 These functional
additions can occur sequentially on the full C12 backbone or
on smaller carbon chains if fragmentation reactions are
occurring. Products of sufficiently low volatility appear in the
particle phase.
The dominant species in n-dodecane SOA under the low-NO

regime are functionalized hemiacetals and peroxyhemiacetals,
which together constitute over 98% of the assigned SOA mass
(Figure 2a). These compounds form from particle-phase
reactions that are traditionally considered to be acid-catalyzed;
we propose that ammonium ions from the seed are involved
because of their abundance and activity (Scheme 1). Under
∼4% RH conditions, ammonium sulfate seed is minimally
hydrated with physisorbed monolayers of water. Ammonium
sulfate seed has been shown for other hydrocarbon systems to
promote oligomer formation under dry conditions from
pathways that are traditionally acid-catalyzed.3,4,63 The presence
of these oligomers is consistent with the activity of an acid
catalyst, but we cannot unequivocally establish that ammonium
ions and surface monolayers of water are responsible for the
products we found.
Peroxyhemiacetals form from the reaction of an aldehyde or

ketone and a hydroperoxide group (Scheme 2).25 The
formation of oligomeric species such as peroxyhemiacetals
has been shown via kinetic gas-particle modeling to be
consistent with the observed evolution of the size distribution
of alkane SOA.36 Hydroperoxides and alcohols are ∼8 orders of
magnitude lower in relative concentration than hemiacetals and
∼6 orders of magnitude lower than peroxyhemiacetals; this
suggests that oligomer formation is favored. The mean
molecular weight for n-dodecane low-NO SOA was calculated
to be 429.01 g mol−1 (Table 4), reiterating the important role
of oligomeric species in n-alkane SOA formation.
Hydroxycarbonyls are the most abundant monomeric

species, a finding that is consistent with previous alkane studies
(Figure 2a).28,32,37,39 These hydroxycarbonyls, when substituted

in a 1,4 configuration, can undergo intramolecular cyclization to
form cyclic hemiacetals, which in the presence of a suitable acid
catalyst are dehydrated to form dihydrofurans (Scheme
3).37,64,65 If these dihydrofurans carry additional hydroxyl
groups on the ring, they may undergo an additional
dehydration step to form a furan. Both dihydrofurans and
furans were detected in this study, with dihydrofurans being
more prevalent than furans in the particle phase.
A carbonyl can be converted to an imine in the particle phase

in the presence of an amine or ammonium ions and ammonia,
as is the case in this study (Scheme 3).38,66 The imine
population is measured here to be larger than the purely
aldehyde and ketone components, suggesting that the majority
of ketones and aldehydes are converted to imines. The carbonyl
population upon which the imine formation process draws
includes hydroxycarbonyls, ketones, aldehydes, and function-
alized furans and dihydrofurans.
The van Krevelen diagram for n-dodecane low-NO SOA

(Figure 2b) indicates that hydration reactions and the
formation of alcohols, peroxides, carbonyls, and hydroxycar-

Figure 2. (a) n-Dodecane SOA composition under dry, low- and high-
NO conditions with (NH4)2SO4 seed. (b) Van Krevelen diagram for n-
dodecane SOA produced under dry, low-NO conditions with
(NH4)2SO4 seed. A slope of 2 can be interpreted to represent
hydration reactions. A slope of 0 can be interpreted to represent the
formation of a hydroxy or peroxy group. A slope of −1 can represent
the formation of a carboxylic acid group or the addition of a hydroxy
group and a carbonyl group on the same molecule. A slope of −2 can
represent the addition of a carbonyl group.
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bonyls are all key processes in directing the chemical
composition. Hydration processes occur for unsaturated

photooxidation products, such as furans and dihydrofurans,
and would most likely occur at a hydrated surface layer of a
particle or the chamber wall. At <4% RH, the gas phase would
be an unlikely place for hydration to occur. The majority of
data points trend in the space between the ketone/aldehyde
slope and the alcohol/peroxide slope; this space is bisected by
the hydroxycarbonyl slope, which is consistent with the
importance of hydroxycarbonyl-bearing compounds in the
quantitative analysis.
Some of the compounds measured here are estimated to

have relatively high volatility, a property that is consistent with
facile DART-MS detection. It is possible that these relatively
high volatility compounds are, in fact, present at a
concentration lower than that of the C12 products but undergo
more facile detection by DART-MS, even though their
concentration may be below the effective method limit of
detection for extraction-GC/MS analysis. Shiraiwa et al.36

suggest that particle growth in the dodecane low-NO system is
driven by oligomerization and that the resultant particles are
semisolid in phase. That reasoning is consistent with the
presence of these products as oligomers that are destabilized
upon ionization and are measured as their monomers; a
semisolid nature of the aerosol phase possibly explains why
these relatively volatile compounds could remain trapped in the
particle phase as well. Additional explanation for the apparent
discrepancy could also be found in the negligible sample
preparation required for DART-MS analysis versus the
extensive sample preparation and elevated temperatures
necessary for GC/MS analysis. Both sample preparation and
elevated temperature can lead to losses of sensitive or thermally
labile compounds in GC/MS; by comparison, DART-MS
provides a more comprehensive breadth of analysis by

Scheme 1. Proposed Mechanism for the Formation of Hemiacetals (m/z 431) in Dodecane SOA Formed under Low-NO
Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps. Proposed structures are boxed in blue. Ion clusters as measured by mass spectrometry
are boxed in red. Vapor pressures are estimated by EVAPORATION.43

Scheme 2. Proposed Mechanism for the Formation of
Peroxyhemiacetals (m/z 432) in Dodecane SOA under Low-
NO Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps.
Proposed structures are boxed in blue. Ion clusters as measured by
mass spectrometry are boxed in red. Vapor pressures are estimated by
EVAPORATION.43
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preserving even highly unstable and reactive molecules for
detection.
n-Dodecane High-NO SOA Composition. Under dominant

RO2 + NO gas-phase chemistry, the photooxidation proceeds
through the formation of alkoxy radicals, which undergo
decomposition to aldehydes or isomerization to form
alcohols.23,24,27 Further oxidation of aldehydes by ozone
present under high-NO conditions produces carboxylic acids,
facilitating the production of esters and serving as a reaction
catalyst.67 Organonitrates are also expected products in the
particle phase.27 Expected oligomers, given these starting
materials and conditions, are esters and ethers carrying other
pendant groups as well as carboxylic acid anhydrides.
Figure 2a gives an overview of the chemical composition of

n-dodecane SOA from high-NO conditions. The dominant
species are alcohols, hemiacetals, nitrate-bearing hemiacetals,
and acid anhydrides. The majority of monomers are alcohols,
hydroxycarbonyls, imines, and nitrates, with a smaller
proportion of dihydrofurans, furans, and ketones present.
Imines, dihydrofurans, and furans result from particle-phase
chemistry, as do hemiacetals and acid anhydrides (Schemes
2−4). The van Krevelen diagram (Figure 3) shows the
importance of oxygenated smaller carbon chain compounds
as well as the presence of highly substituted alcoholic species.
The atomic O:C ratio reaches 1 in this system, as opposed to

the atomic O:C ratio of 0.5 under low-NO conditions. Sub-C12

compounds that result from fragmentation comprise aldehydes
and hydroxycarbonyls, which have vapor pressures higher than
those of compounds normally attributed to exist in the particle
phase. Shiraiwa et al.36 predict a semisolid particle phase for
dodecane low-NO SOA, which implies that higher volatility
material can be trapped between layers of less volatile material
during the particle accretion process.
The presence of a series of C13 compounds with high degrees

of oxygenation (O:C of 0.38−0.62) can be explained as the
formation of C13 oligomers from a combination of sub-C12

hydroxycarbonyl compounds. These monomers are multifunc-
tional, including β-hydroxycarbonyls, and therefore could
combine to form oligomers via aldol condensation or ether
or ester formation. Aldol condensation has been found to occur
in the presence of amines, so ammonia from the seed could
potentially serve to enable the condensation of aldehydes and
β-hydroxycarbonyls in the particle phase.68 Additional com-
pounds with backbones >C12 but <C24 are also consistent with
oligomerization of dissimilar monomers.
The oligomers formed under high-NO conditions are

predominantly hemiacetals, nitrate hemiacetals, with smaller
concentrations of carboxylic acid anhydrides and esters
(Scheme 4). An ester would form via an acid group from an
aldehyde, which is known to form through the chain

Table 4. Alkane SOA Mean Molecular Weights and Mean O:C and H:C Ratios

parent VOC NO conditions % speciation mean molecular weight of SOA (g mol−1) mean atomic O:C ratio mean atomic H:C ratio

n-dodecane low 92 429.01 0.25 1.93
high 95 495.33 0.47 2.07

cyclododecane low 99 384.52 0.18 1.61
high 99 458.38 0.35 1.72

hexylcyclohexane low 95 310.49 1.09 1.53
high 98 418.06 0.30 1.65

Scheme 3. Proposed Mechanism for Formation of Furan (m/z 209) and Imine (m/z 208) Species in n-Dodecane SOA
Generated under Low-NO Conditionsa

aVapor pressures are estimated by EVAPORATION.43
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fragmentation pathway. Aldehyde ozonolysis under high-NO
conditions is known to produce carboxylic acids (Scheme 5).69

On the basis of the retention of all 12 carbons by both
monomer units, the C24 oligomers are likely linked through

hemiacetal groups. Lim and Ziemann23,24,52 have proposed the
particle-phase formation of cyclic hemiacetals or full acetals.
Hemiacetals, including those bearing nitrate groups, are present
at ∼8 orders of magnitude higher concentrations than esters.
Hemiacetals are much more abundant under high-NO
conditions for n-dodecane than under low-NO conditions;
this is consistent with the large increase in alcohol formation
due to RO2 + NO reactions.
It is also important to note that the organic aerosol loading

increased by a factor of 2.3 from the low-NO to the high-NO
case (Table 2) and that the mean molecular weight increased
from 429.01 to 495.33 g mol−1 (Table 4). The production of
secondary nitrates under these conditions, along with drastically
increased ether formation from the large alcohol population, is
the simplest route to this increase in organic aerosol production
and increase in compounds with high molecular weights. In
comparison to hexylcyclohexane and cyclododecane, the linear
structure of n-dodecane offers no tertiary sites and ring sites for

Scheme 4. Proposed Mechanism for the Formation of Hemiacetals (m/z 458) in Dodecane SOA Formed under High-NO
Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps. Proposed structures are boxed in blue. Ion clusters as measured by mass spectrometry
are indicated in the red box. Vapor pressures are estimated by EVAPORATION.43

Figure 3. Van Krevelen diagram for n-dodecane SOA produced under
dry, high-NO conditions with (NH4)2SO4 seed. A slope of 2 can be
interpreted to represent hydration reactions. A slope of 0 can be
interpreted to represent the formation of a hydroxy or peroxy group. A
slope of −1 can represent the formation of a carboxylic acid group or
the addition of a hydroxy group and a carbonyl group on the same
molecule. A slope of −2 can represent the addition of a carbonyl
group. A slope of −1/3 can represent the addition of a nitrate group.

Scheme 5. Proposed Mechanism for the Formation of
Carboxylic Acids in the Presence of Ozone under High-NO
Conditions, Following Ziemann et al. 200567
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nitration; thus, the volume concentration enhancement is less
than for the other structures.
Cyclododecane SOA Composition. Cyclododecane

Low-NO SOA Composition. Cyclododecane low-NO SOA is
dominated by ethers and peroxyhemiacetals and contains
contributions of hydroxycarbonyls, hydroperoxides, and alco-
hols that are more significant than those in n-dodecane low-NO
SOA. The cyclododecane product distribution under low-NO
conditions clearly exhibits both functionalization and fragmen-
tation (Figure 4). The stable molecules that result from
fragmentation of cyclododecane are highly oxidized, especially
when compared to the n-dodecane products.
Yee et al.29 report that cyclododecane undergoes two

characteristic periods of chemical development: the early
formation of hydroperoxides, hydroxy hydroperoxides, and
dicarbonyl hydroperoxides, followed by the formation of ring-

opened products, which include an aldehyde group. The rapid
addition of oxygenated groups observed by Yee et al.,29 in
conjunction with aldehyde formation associated with ring-
opening, is consistent with the observations here of elevated
functionality and fragmentation of these highly oxidized
structures. The atomic O:C ratio for cyclododecane extends
to 1.25, but the H:C ratio indicates the compound remains
saturated, reflecting the importance of hydroperoxyl and
hydroxyl groups in the oxidation of cyclododecane; for n-
dodecane, the atomic O:C ratio did not exceed 0.45.
The C12 and sub-C12 compounds (Figure 4) constitute a

mixture of hydroperoxides, hydroxy hydroperoxides, carbonyl
hydroperoxides, carbonyl hydroxy hydroperoxides, hydroxycar-
bonyls, ketones, and aldehydes. These compounds are the
building blocks of the oligomeric species that dominate the
aerosol composition, and they also are responsible for
increasing the atomic O:C ratio range occupied by cyclo-
dodecane SOA components. They constitute a sufficient
amount of the SOA mass to also decrease the mean molecular
weight as compared to that of n-dodecane low-NO SOA (Table
4).
Imines are present at a comparable concentration in

cyclododecane and n-dodecane low-NO SOA. This result is
expected because the total relative amounts of carbonyl-bearing
species are approximately equivalent and ammonia from the
aerosol seed is abundant and not limiting in either case.
Oligomers in cyclododecane low-NO SOA are, in decreasing

order by concentration, hemiacetals, esters, peroxyhemiacetals,
and carboxylic acid anhydrides. The contribution of esters in
this system is 5 orders of magnitude higher than that for n-
dodecane, and this can be attributed to the ring structure
breaking to form C12 dialdehydes, which can react with OH
radicals to form carboxylic acids. The presence of hemiacetals,
which arise through an acid-catalyzed reaction, suggests the
sufficiency of the ammonium ion and carboxylic acid
populations to serve as catalysts for other acid-catalyzed
processes (Scheme 6). These oligomeric species, combined
with the smaller-chain but highly oxygenated compounds,
produce a mean molecular weight of 384.52 g mol−1.

Cyclododecane High-NO SOA Composition. Cyclodode-
cane SOA produced under high-NO conditions is primarily
composed of ethers with or without pendant nitrate groups,
esters, hydroxycarbonyls, alcohols, and nitrates (Figure 4a).
The majority of the aerosol is formed of oligomeric species,
particularly hemiacetals (combined relative concentration of
∼1019). The mean molecular weight for this system is 458.48 g
mol−1, which reflects the large contributions of oligomers and
increased molecular weights from nitration.
Cyclododecane oxidized under high-NO conditions shows

the same propensity toward extensive functionalization and
fragmentation that opens the ring or breaks the C12 backbone
as under low-NO (Figure 5). The high-NO composition is
characterized by an abundance of nitrated compounds that are
also extensively oxygenated. Lim and Ziemann22,24,70 note that
an alkoxy radical formed on a cyclododecane ring is prone to
rapid decomposition compared with the linear form because of
high ring strain and suggested that a cyclic alkyl nitrate may be
more volatile than a linear alkyl nitrate because the nitrate is
never in a terminal chain position. If the vapor pressures of the
cyclododecane nitrates were sufficiently high, they would
remain in the gas phase and continue to undergo gas-phase
OH oxidation, generating these highly functionalized com-
pounds, including the dinitrate. Cyclododecane reaches a

Figure 4. (a) Composition of cyclododecane SOA produced under
dry, low- and high-NO conditions, with (NH4)2SO4 seed. (b) Van
Krevelen diagram for cyclododecane SOA produced under dry, low-
NO conditions, with (NH4)2SO4 seed. A slope of 2 can be interpreted
to represent hydration reactions. A slope of 0 can be interpreted to
represent the formation of a hydroxy or peroxy group. A slope of −1
can represent the formation of a carboxylic acid group or the addition
of a hydroxy group and a carbonyl group on the same molecule. A
slope of −2 can represent the addition of a carbonyl group.
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comparable maximum atomic O:C as n-dodecane under high-
NO conditions (Figures 4b and 5). The product distribution
density is greater toward the carboxylic acid and hydrox-
ycarbonyl slope and the carbonyl slope, which is consistent with
past studies.22,24 From the van Krevelen diagram representa-
tion, the production of hydroxycarbonyls, dihydrofurans, and
furans is greatly increased under high-NO conditions as
compared to that under low-NO conditions. Furans and

dihydrofurans, along with their cyclic hemiacetal precursor,
carry side-chains with a variety of degrees of functionalization
by hydroxyl, ketone, and nitrate groups.
Cyclododecane shows a far greater propensity toward

oligomer generation under high-NO conditions than under
low-NO conditions. Nitrate hemiacetals are the dominant
species, and nitrates are the third most abundant monomeric
species in the particle phase. These oligomers comprise cyclic,
straight-chain, and furan monomer units that carry additional
oxygenated groups as well as imine groups. The organic aerosol
volume concentration for cyclododecane under high-NO
conditions was found to be a factor of 5 higher than that
under low-NO conditions (Table 2). The enhancement of
volume concentration and high mean molecular weight (Table
4) under high-NO conditions suggests the importance of
nitrate groups to decreasing oxidation product volatility and
increasing partitioning to the particle phase.

Hexylcyclohexane SOA Composition. Hexylcyclohex-
ane Low-NO SOA Composition. Hexylcyclohexane SOA
generated under low-NO conditions is composed predom-
inantly of hydroperoxides, peroxyhemiacetals, hemiacetals, and
hydroxycarbonyls (Figure 6a); this composition spectrum is in
contrast to those of n-dodecane and cyclododecane, with
particle-phase compositions dominated by oligomeric species.
Some of the hydroxycarbonyls and ketones are converted to
imines, as in the other alkane systems.
The concentration of hydroxycarbonyls in hexylcyclohexane

SOA is a factor of 103 higher than in n-dodecane and
cyclododecane aerosol. The imine concentration for hexylcy-
clohexane SOA is a factor of 104 higher than that for n-
dodecane and cyclododecane aerosol, as well. The increase in
imine concentration can be attributed to the larger concen-
tration of carbonyl compounds available to be converted into
imines through reaction with ammonium in the seed aerosol.
The hexylcyclohexane low-NO SOA clearly reflects the gas-

phase oxidation mechanism. The sub-C12 products are either
ring-retaining C6 or from the n-hexyl chain, which has been
cleaved from the cyclohexane ring. Cleavage of the cyclohexyl
ring from the n-hexyl chain can occur through decomposition
of an alkoxy radical formed at the tertiary carbon site. Radical
formation at the tertiary site is favored for its stability. n-Hexane
and cyclohexane products can be differentiated by the
additional degree of unsaturation of cyclohexane due to its
structure. The n-hexyl chain can be further fragmented along
with being substituted with carbonyl, hydroperoxide, or
hydroxyl groups. This substitution pattern upon these two
frameworks can be seen in the pattern visible in the van
Krevelen diagram (Figure 6b).
Oligomeric species feature prominently in the hexylcyclohex-

ane system, particularly peroxyhemiacetals (Scheme 7) and
hemiacetals, but they are not the most abundant molecules in
the resulting SOA. The peroxyhemiacetal concentration for
hexylcyclohexane is 10 times higher than that for n-dodecane
and a factor of 103 higher than that for cyclododecane. The
concentration of hemiacetals in hexylcyclohexane low-NO SOA
is equivalent to that for cyclododecane but is less than that for
n-dodecane. The increased production of peroxyhemiacetals in
hexylcyclohexane is linked with the highest concentration of
hydroperoxides out of the three systems (∼1012). The
asymmetry of hexylcyclohexane produces more structurally
distinctive compounds than either n-dodecane or cyclo-
dodecane for the same set of chemical reactions. The tertiary
carbon in hexylcyclohexane becomes the most stable peroxy

Scheme 6. Proposed Mechanism for the Formation of
Hemiacetals (m/z 391) in Cyclododecane SOA under Low-
NO Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps.
Proposed structures are boxed in blue. Ion clusters as measured by
mass spectrometry are indicated in the red box. Vapor pressure
calculated for ether was performed for the proxy compound without
carbon−carbon double bonds. Vapor pressures are estimated by
EVAPORATION.43

Figure 5. Van Krevelen diagram for cyclododecane SOA produced
under dry, high-NO conditions, with (NH4)2SO4 seed. A slope of 2
can be interpreted to represent hydration reactions. A slope of 0 can
be interpreted to represent the formation of a hydroxy or peroxy
group. A slope of −1 can represent the formation of a carboxylic acid
group or the addition of a hydroxy group and a carbonyl group on the
same molecule. A slope of −2 can represent the addition of a carbonyl
group. A slope of −1/3 can represent the addition of a nitrate group.
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radical out of these three alkanes, leading to a more enduring
contribution to SOA mass. The mean molecular weight, 310.49
g mol−1, is the lowest among the three parent structures and
points to the important presence of low-volatility monomers in
the particle phase (Table 4).
Hexylcyclohexane High-NO SOA Composition. Under

high-NO conditions, alkoxy radicals drive the chemistry,
fragmentation, functionalization, and oligomerization in hex-
ylcyclohexane SOA formation (Figure 7). The uniquely stable
cyclohexyl ring allows the formation of C6 species that can be
fully substituted with hydroxyl groups. A C6 nitrate is also
detected, but it is likely on the straight-chain or at the tertiary
site that serves as the juncture of the cyclohexane ring and n-
hexyl chain, based on Lim and Ziemann’s conclusion that cyclic
alkyl nitrates are more volatile than straight-chain alkyl
nitrates.23,70 Nitrates are observed from C5 to C12, most of

which do not bear additional oxygen atoms. The lack of
additional oxygenation suggests that these nitrates condense
into the particle phase directly and do not undergo additional
cycles of oxidation. The variance in chain length suggests alkyl
chain cleavage due to alkoxy radical formation and decom-
position into an aldehyde and an alkyl radical, which becomes a
RO2 radical that reacts with NO. These smaller RO2 are less
prone to form a nitrate in RO2 + NO.
Hexylcyclohexane SOA produced under high-NO contained

an abundance of oligomeric compounds: hydroxycarbonyl
dimers, with and without pendant nitrate groups, formed
through aldol condensation; hemiacetals with and without
pendant nitrate or imine groups; and esters with and without
pendant imine groups (Figure 6a). Esters were more abundant
in this system than for any of the other parent structures, likely
because of the ease of aldehyde and carboxylic acid formation
through the oxidation of n-hexyl chain cleavage products and
the presence of ozone due to the high-NO conditions.
Hemiacetals and aldol condensation products are present in
the particle-phase because of the existence of alcohols and β-
hydroxycarbonyls (Scheme 8). The pronounced presence of
imines in the oligomer products is related to the large number
of carbonyl-bearing compounds, as seen in the van Krevelen

Figure 6. (a) Composition of hexylcyclohexane SOA produced under
dry, low- and high-NO conditions, with (NH4)2SO4 seed. (b) Van
Krevelen diagram for hexylcyclohexane SOA produced under dry, low-
NO conditions, with (NH4)2SO4 seed. A slope of 2 can be interpreted
to represent hydration reactions. A slope of 0 can be interpreted to
represent the formation of a hydroxy or peroxy group. A slope of −1
can represent the formation of a carboxylic acid group or the addition
of a hydroxy group and a carbonyl group on the same molecule. A
slope of −2 can represent the addition of a carbonyl group.

Scheme 7. Proposed Mechanism for Formation and
Detection by DART-MS of Peroxyhemiacetals (m/z 412) in
Hexylcyclohexane SOA Generated under Low-NO
Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps.
Proposed structures are boxed in blue. Ion clusters as measured by
mass spectrometry are indicated in the red box. Vapor pressures are
estimated by EVAPORATION.43
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diagram (Figure 7). Dominant trends occur along the
hydroxycarbonyl slope and ketone/aldehyde slope. The
maximum atomic O:C ratio for this system (1.5) is higher

than for any of the other parent compounds under either NO
condition.
The organic aerosol volume concentration (see Table 2) is

found to increase by a factor of 2.8 from low- to high-NO
conditions, an increase that can be attributed primarily to the
presence of nitrates in the aerosol phase. The increase in
hexylcyclohexane SOA volume concentration from low- to
high-NO conditions is higher than that for n-dodecane but less
than that for cyclododecane. This trend in NO-related volume
concentration increase underlies the importance of cyclic
structure and increased secondary sites for the particle-phase
partitioning of alkyl nitrates. The mean molecular weight of
418.06 g mol−1 is the largest increase in mean molecular weight
in this study when going from low- to high-NO conditions for a
given system (Table 4). High degrees of functionalization and
oligomerization in high-NO hexylcyclohexane-derived SOA
lead to its large mean molecular weight.

■ CONCLUSIONS

SOA formed in the n-dodecane, cyclododecane, and
hexylcyclohexane systems is largely the result of particle-
phase chemistry. The contribution of oligomeric compounds to
alkane SOA has been reported previously (Table 1).15,28,32 We
demonstrate here the importance of peroxyhemiacetals in
generating aerosol mass from alkane photooxidation under low-
NO conditions and the relevance of ether formation across NO
conditions. These findings underscore the importance of NO-
induced chemistry and parent compound structure in

Figure 7. Van Krevelen diagram for hexylcyclohexane SOA produced
under dry, high-NO conditions, with (NH4)2SO4 seed. A slope of 2
can be interpreted to represent hydration reactions. A slope of 0 can
be interpreted to represent the formation of a hydroxy or peroxy
group. A slope of −1 can represent the formation of a carboxylic acid
group or the addition of a hydroxy group and a carbonyl group on the
same molecule. A slope of −2 can represent the addition of a carbonyl
group. A slope of −1/3 can represent the addition of a nitrate group.

Scheme 8. Proposed Mechanism for the Formation of Hemiacetals (m/z 472) in Hexylcyclohexane SOA Formed under High-
NO Conditionsa

aLarge arrows indicate several gas-phase photooxidation steps. Proposed structures are boxed in blue. Ion clusters as measured by mass spectrometry
are indicated in the red box. Vapor pressures are estimated by EVAPORATION.43
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determining the chemical structure and functionality of SOA
oligomeric species. Under high-NO conditions, organic aerosol
volume can vary by a factor of 2.3−5, depending on the
structure of the parent C12 alkane. This variation in aerosol
mass reflects the importance of nitrate formation in the alkane
system. In addition, nitrogen incorporation from the
ammonium seed aerosol into the organic component of the
aerosol through the formation of imines is reported here for the
three alkane systems. Imine concentration is correlated with the
amount of carbonyl-bearing compounds, as expected, and is
therefore an important component of alkane SOA, which is rich
in ketones, aldehydes, and hydroxycarbonyls.
The complex compositional data presented here demonstrate

the relevance of particle-phase chemistry in alkane-derived SOA
and the importance of the ammonium ion as a source of
nitrogen incorporation into organic aerosol. The data reinforce
the understanding that, for long-chain alkanes, there exist a
large number of oxidation products, each of which is present at
a relatively low concentration. This finding is an important
consideration in generating mechanisms for SOA formation
that can eventually be included in atmospheric models.
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