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ABSTRACT: Formation of secondary organic aerosols
(SOA) from biogenic volatile organic compounds (BVOC)
occurs via O3- and OH-initiated reactions during the day and
reactions with NO3 during the night. We explored the effect of
these three oxidation conditions on the molecular composition
and aqueous photochemistry of model SOA prepared from
two common BVOC. A common monoterpene, α-pinene, and
sesquiterpene, α-humulene, were used to form SOA in a smog
chamber via BVOC + O3, BVOC + NO3, and BVOC + OH +
NOx oxidation. Samples of SOA were collected on filters,
water-soluble compounds from SOA were extracted in water,
and the resulting aqueous solutions were photolyzed to
simulate the photochemical aqueous processing of SOA. The
extent of change in the molecular level composition of SOA over 4 h of photolysis (approximately equivalent to 64 h of
photolysis under ambient conditions) was assessed with high-resolution electrospray ionization mass spectrometry. The analysis
revealed significant differences in the molecular composition between SOA formed by the different oxidation pathways. The
composition further evolved during photolysis with the most notable change corresponding to the nearly complete removal of
nitrogen-containing organic compounds. Hydrolysis of SOA compounds also occurred in parallel with photolysis. The
preferential loss of larger SOA compounds during photolysis and hydrolysis made the SOA compounds more volatile on average.
This study suggests that aqueous processes may under certain conditions lead to a reduction in the SOA loading as opposed to
an increase in SOA loading commonly assumed in the literature.

■ INTRODUCTION

Secondary organic aerosols (SOA) produced by the gas- and
aqueous-phase oxidation of biogenic volatile organic com-
pounds (BVOC) have both health and climate relevance.1

Following the initial formation, SOA are known to undergo
chemical aging processes from reactions with sunlight and
atmospheric oxidants.2,3 The mechanisms of chemical aging
and the role of aging processes in determining climate and
health relevant properties of SOA, such as saturation vapor
pressures of the SOA compounds, remain poorly explored.4

Part of the challenge is the inherent chemical complexity of
both SOA and their aging processes.5

Aqueous processing of atmospheric organic compounds
include reactions with aqueous oxidants and aqueous photolysis
and is now recognized as an important mechanism of chemical
aging of SOA.6,7 The SOA particles produced from BVOC
often nucleate cloud and fog droplets making the SOA
compounds dissolved and accessible to the aqueous photo-

chemical processes. We previously showed that exposure of
dissolved SOA produced from a number of VOC precursors to
actinic radiation leads to significant changes in the molecular
composition of SOA.8−10 The effect of photolysis on SOA
composition was greater for SOA prepared by ozonolysis of
VOC in dark conditions compared to that for SOA prepared by
OH + NOx photooxidation of VOC.10 This is a reasonable
result as the most photolabile compounds are photolyzed
already during the photooxidation in the smog chamber.
Formation of SOA in the BVOC + NO3 reactions is another
example of a process that occurs in dark conditions. This type
of SOA may contain a larger fraction of photolabile molecules
relative to the SOA prepared from the same VOC under OH +
NOx photooxidation conditions. If this were correct, the SOA
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produced by night-time chemistry would quickly change its
composition after sunrise. One of the motivations for this work
is to test this hypothesis.
Monoterpenes (C10H16) are the major precursors of SOA.

Formation of SOA from monoterpenes, such as α-pinene, has
been extensively documented, especially for the OH- and O3-
initiated oxidation pathways.11−17 Several studies have exam-
ined the oxidation of monoterpenes by the nitrate radical
(NO3).

11,14,18−29 The NO3-driven oxidation mechanism
appears to be a major sink for BVOC and a major source for
SOA at night in regions characterized by elevated NOx (NO +
NO2) and O3 levels.

11,30

Sesquiterpenes, such as α-humulene, are less abundant in
ambient air than monoterpenes.31 However, their higher
molecular weights and higher reactivity toward ozone and
OH32−34 make them more efficient SOA precursors compared
to the monoterpenes in terms of the SOA mass yields.25,35

There have been limited studies on the NO3 oxidation of
sesquiterpenes. Canosa-Mas et al.26 and Shu and Atkinson33

measured the rate constants for the reactions between selected
sesquiterpenes and NO3 radical. Fry et al.23 investigated the
NO3 oxidation of β-caryophyllene, observing high SOA yields
with a low organonitrate yield in the condensed phase. Jaoui et
al. observed efficient SOA formation in reactions of several
sesquiterpenes with NO3.

25

Though numerous studies of each oxidation pathway (OH,
O3, or NO3) have been performed for both monoterpenes and
sesquiterpenes, only one study has attempted to systematically
compare all three oxidation conditions for the same VOC
precursor.25 The first goal of our work is to compare the SOA
formed in an environmental chamber from a model
monoterpene (α-pinene) and a model sesquiterpene (α-
humulene) under these three oxidation conditions. By using
electrospray ionization high-resolution mass spectrometry (ESI-
HRMS), we detect a much broader array of SOA compounds
than previously observed and investigate the effect of the
oxidation conditions on the molecular distribution of the SOA
products. The second goal of this work is to examine the effect
of photolysis on the molecular composition of SOA produced
by NO3 oxidation. Our results suggest facile photolysis of
dissolved SOA compounds, especially the nitrogen-containing
organic compounds (NOC). On the basis of the elemental
composition assignments inferred from the ESI-HRMS data, we
predict that photolysis should increase the volatility of SOA
compounds based on a recently proposed “molecular corridors”
parametrization36,37 between the molecular composition and
volatility.

■ MATERIAL AND METHODS

Secondary Organic Aerosol Generation. SOA was
prepared in a similar manner as previously described for the
O3 and photooxidation experiments.10,38 Briefly, into a 5 m3

chamber approximately 650 ppb of ozone was added for
ozonolysis experiments, whereas approximately 300 ppb of
nitric oxide and 2 ppm of hydrogen peroxide were added for
photooxidation experiments. H2O2, added to the chamber by
evaporation of its 30 v/v% aqueous solution with a stream of
zero air, was used to generate the hydroxyl radical. Initial
mixing ratios of α-pinene (APIN) and α-humulene (HUM)
were 500 ppb for all experiments, except for the APIN/NO3
experiment, in which the concentration of APIN was increased
to 1000 ppb. For OH + NOx experiments, UV−B lamps
(FS40T12/UVB, Solarc Systems Inc.) were turned on and
photooxidation time was 2 h for α-pinene experiments and 1 h
for α-humulene experiments. To simulate the nighttime NO3
radical chemistry, approximately 2-fold excess O3 was added to
300 ppb NO to drive the following reactions:

+ → +O NO NO O3 2 2 (R1)

+ → +O NO NO O3 2 3 2 (R2)

+ ⇌NO NO N O3 2 2 5 (R3)

After that, either α-pinene or α-humulene was added to the
chamber. All experiments were performed under dry conditions
at 21−25 °C and in the absence of seed particles. All chemicals
noted above were purchased from Sigma-Aldrich at highest
available stated purities and used without further purification.
SOA formed in the chamber were monitored by a TSI model

3936 scanning mobility particle sizer (SMPS), O3 was
monitored using a Thermo Scientific model 49i ozone analyzer,
and a Thermo Scientific model 42i-Y NOy analyzer recorded
NO/NOy data. The particles were collected through an
activated carbon denuder at 17 SLM (standard liters per
minute) onto poly(tetrafluoroethylene) (PTFE) filters (Milli-
pore 0.2 μm pore size). We had to use high concentrations of
precursors to collect a sufficient amount of SOA material (>0.2
mg) for both photochemical and control experiments (Table
1). Although the chemical composition of SOA formed at the
high precursor and oxidant concentrations is not the same as
that formed at ambient concentrations,39 the major products as
well as the degrees of chemical complexity of SOA should be
comparable. Therefore, these SOA samples should be suitable
for studying the general features of the photodegradation
process. The filters were vacuum-sealed and immediately frozen
at −20 °C in anticipation for offline aqueous photolysis
experiments and mass spectrometry analysis.

Electrospray Ionization High-Resolution Mass Spec-
trometry (ESI-HRMS) of Aqueous Photolysis and Control
Samples. Filter SOA samples were thawed and extracted in 6
mL of water (Fluka, HPLC grade) by sonicating the filter
immersed in water. The extract was split in two equal portions,
where 3 mL of the sample was used for photolysis experiments
and 3 mL was used as a dark control. SOA material from α-
pinene was believed to be fully dissolved during the extraction

Table 1. Experimental Conditions for the SOA Samples Prepared from α-Pinene (APIN) and α-Humulene (HUM)

VOC
precursor oxidant

initial VOC
(ppb)

initial O3
(ppb)

initial NO
(ppb)

reaction time
(h)

SOA concentration
(mg/m3)

collection time
(h)

SOA collected
(mg)

APIN O3 500 640 <5 1 1.5 3 1.8
APIN OH/NOx 500 <5 300 2 0.18 3 0.24
APIN NO3 1000 720 300 1 1.2 3 2.7
HUM O3 500 660 <5 1.5 1.2 3 1.3
HUM OH/NOx 500 <5 300 1 0.87 4 1.1
HUM NO3 500 600 300 1 1.8 3 4.1
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on the basis of our previous experience.10 SOA material from α-
humulene is less soluble in water,10 and only water-soluble
components of SOA ended up in the solution. We did not have
a way to quantify the amount of SOA remaining on the filter.
The concentrations of the resulting solutions (up to 0.7 g/L if
fully extracted) are more relevant to fog than to cloud droplets,
so the conclusions reached in this paper should be more
applicable to aqueous processes in a polluted environment than
to those in a remote atmosphere. The solutions were used as
soon as they were prepared. For photolysis experiments, the
samples were photolyzed by a Xenon UV lamp (Newport
model 66905) with a U-330 bandpass filter (Edmund optics
#46-438) to reduce the visible and IR radiation. The
temperature of the solution was not controlled but the solution
did not measurably warm up above the room temperature
during photolysis. The solution was open to air allowing oxygen
to enter and volatile photolysis products to escape. The
spectrum of the resulting radiation was recorded using a
portable UV−vis spectrometer (Ocean Optics, USB4000) with
most of the radiation falling in the 280−400 nm range. An
azoxybenzene actinometer was used under the same exper-
imental conditions to determine the flux of the lamp as
described by Lignell et al.40 On the basis of the actinometry
measurements, we estimate that 1 h of photolysis with our lamp
was equivalent to 16 h of photolysis by the overhead sun (SZA
of 0° using the “Quick TUV”41 calculator with the following
parameters: 300 Dobson overhead ozone, surface albedo of 0.1,
ground elevation and altitude = 0 km). Even though the
irradiation source had considerably stronger UV flux than the
ambient sunlight, it was still far below the intensity needed to
drive nonlinear processes in the solution, such as two-photon
absorption.
The photolysis was carried out for a total of 4 h; the control

samples remained in water for the same duration of time but
were not exposed to radiation. Small aliquots (∼300 μL) were
withdrawn from the sample and control cuvettes once an hour
and analyzed by ESI-HRMS in a direct infusion mode.
Immediately before the analysis, the extracted aliquot was
mixed with acetonitrile in a 1:1 ratio to provide a more stable
electrospray ionization. An LTQ-Orbitrap mass spectrometer
(Thermo Corp.) equipped with a modified ESI source was used
to analyze samples before and after photolysis.8−10,38,42−45

Mass spectra of the solvent (water + acetonitrile) were also
collected to subtract from the sample mass spectra during data
analysis. Mass spectra were acquired in the positive ion mode
for all samples with a resolving power of 105 at m/z 400.
Analysis of the mass spectra was performed similarly to our

previous work.5,10 Decon2LS (https://omics.pnl.gov/software/
decontools-decon2ls) was used to generate a list of peak
positions and abundances for each spectrum. The resulting
peak lists for all the files in the same experimental batch (0, 1, 2,
3, and 4 h of photolysis, 0, 1, 2, 3, and 4 h of dark hydrolysis,
and solvent blank) were clustered together. The clustered peaks
were first assigned with a m/z tolerance of ±0.001 to molecular
formulas CcHhOoNnNa0−1

+ (c, h, o, n refer to the number of
corresponding atoms in the ion; the number of Na atoms was
restricted to 0 or 1). We limited n to 3, and allowed for the
presence of N atoms in the APIN/O3 and HUM/O3
assignments to see whether any nitrogen-containing impurities
affected our measurements. Constraints were imposed on the
elemental ratios (0.0< O/C < 1.3, 0.7 < H/C < 2.0) to
eliminate unphysical assignments.46 Peaks that corresponded to
13C isotopes and obvious impurities with anomalous mass

defects were excluded from further analysis. The set of the
initially assigned peaks was used to internally recalibrate the m/
z axis, and the mass spectra were then reassigned with a lower
m/z tolerance of ±0.00075. The remaining peaks that could
not be assigned within these constraints and peaks with
ambiguous assignments were assigned manually with help of a
molecular formula calculator (http://magnet.fsu.edu/~midas/).
The majority of the observed ions corresponded to sodium ion
adduc t s (C cH hO oN nNa+) ; p ro tona ted molecu le s
(CcHhOoNnH

+) generally had small abundances. For the
remainder of this paper, we present and discuss formulas
corresponding to the neutral species, CcHhOoNn, obtained by
removing Na+ or H+ from the assigned ion formulas.

“Molecular Corridors” Analysis of the SOA Volatility
Distribution. The volatility distributions of SOA components
were estimated using the “molecular corridor” approach, which
takes advantage of an inverse correlation between pure
compound saturation mass concentration (C0) and molar
mass of organic compounds.36,37 Recently, Li et al.37 developed
parametrizations to predict C0 of organic compounds
containing oxygen, nitrogen, and sulfur from the elemental
composition. The ESI-HRMS data are well suited for this
purpose because they provide an experimental distribution of
molecular formulas (and hence, molecular weights) in the SOA
sample. On the basis of the Pankow absorptive partitioning
theory under the assumption of ideal thermodynamic
mixing,47−49 the gas-phase mass concentration (Cg,i) and
particle-phase mass concentration (Cp,i) of compound i are
related as follows

=
C

C

C

C
g,i

p,i

0,i

p (1)

where Cp is the total mass concentration of organic particulate
matter. Compounds for which C0,i is smaller than Cp should
reside predominantly in the particle phase at equilibrium. We
note that the above expression does not account for nonideal
thermodynamic mixing of compounds in particles. The term
“volatility” often refers to the effective saturation mass
concentration (C*), which is related to C0 via an unknown
activity coefficient, C* = γ × C0. C* and C0 are interchangeable
under the assumption of an ideal thermodynamic mixing (γ =
1).
Because we generated SOA at high concentrations (Table 1)

and because of possible filter artifacts (volatile compounds
partitioning in the SOA material and on the filter), the SOA
samples contained compounds that would be expected to
evaporate from particles under typical ambient conditions.
Therefore, for each SOA sample we calculated a fraction of the
observed compounds with C0,i below Cp = 10 μg m−3, a value
that is representative of moderately polluted air, from the
observed relative abundances in the ESI-HRMS mass spectra,
ESIi.

=
∑ <

∑
C C

fraction
ESI ( )

ESI
i 0,i p

i (2)

Equation 2 assumes that the mass fraction of each SOA
compound is proportional to its observed relative abundance in
the ESI-HRMS mass spectrum. This is certainly an
approximation because ESI detection sensitivities depend
strongly on the structures of the molecules and their surface
activities.50 Furthermore, the transmission of ions through the
mass spectrometer and their detection efficiency strongly
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depend on the instrumental configuration. However, for a given
set of instrumental parameters, ESI tends to preferentially
ionize larger molecules, and for homologous compounds, there
is a positive correlation between the ESI detection sensitivity
and molecular weight.51 Therefore, eq 2 should be a reasonable
approximation of the mass fraction of the detected SOA
compounds that should be associated with particles, especially
for the purposes of comparing two samples analyzed under the
same experimental conditions.

■ RESULTS AND DISCUSSION

Composition and Volatility of SOA before Photolysis.
The main purpose of this section is to compare the detailed
molecular compositions of SOAs generated under three
different oxidation conditions (ozonolysis, OH/NOx photo-
oxidation, NO3 oxidation). Table 1 provides a list of the SOA
samples produced in this work. The peak SOA concentration
and the amount of the collected SOA varied between the
different samples. The OH + NOx photooxidation resulted in
the lowest amount of SOA produced, whereas the NO3
oxidation produced the most SOA. This is qualitatively

consistent with a previous report that found the average SOA
yields for the same VOC precursor to be the highest for the
NO3 reaction;25 however, the SOA yields could not be
qualitatively compared because we did not measure the amount
of reacted VOC.
The reaction of α-pinene with NO3 was recently reported to

produce unexpectedly low SOA yields compared to reactions of
other monoterpenes with NO3.

22,23 Furthermore, ozonolysis
was found to be much more efficient in nucleating new particles
from α-pinene and β-pinene than reaction with NO3 or OH.

18

We were able to form particles for the APIN/NO3 system using
high concentrations of α-pinene in our system (1 ppm), in
agreement with several previous studies.18,20,52

Figure 1 shows the high-resolution mass spectra for α-pinene
SOA from each oxidation experiment, and Table 2 lists the
peaks with the highest relative abundances. The spectrum of
APIN/O3 in Figure 1 is similar to the previously reported
spectra of monoterpene/O3 SOA,10,53−57 with a distinct
distributions of peaks in the monomeric range (<300 Da),
dimeric range (300−500 Da), and trimeric range (500−700
Da), corresponding to products containing, one, two, or three

Figure 1. Mass spectra for the α-pinene (APIN) SOA samples formed under three oxidation conditions (ozonolysis, OH/NOx photooxidation, and
reaction with NO3). The x-axis corresponds to the molecular weight of the neutral SOA compounds, and the y-axis corresponds to relative
abundances in the ESI mass spectra. Peaks in red denote nitrogen-containing organic compounds (NOC).

Table 2. Top Five Peaks for α-Pinene SOA from Each Set of Oxidation Conditions

molecular formula molecular weight relative abundance (%) formula (MW) molecular weight relative abundance (%)

APIN/O3 HUM/O3

C10H16O3 184 100 C15H24O7 316 100
C10H16O5 216 98 C15H24O6 300 49
C10H16O4 200 87 C15H24O4 268 29
C19H30O8 386 86 C15H24O5 284 25
C19H30O7 370 76 C15H24O8 332 18
C17H26O8 358 50a

APIN/NOx HUM/NOx

C10H16O4 200 100 C15H24O6 300 100
C10H16O6 232 83 C15H24O7 316 60
C10H16O5 216 78 C14H24O6 288 47
C9H14O4 186 45 C15H24O5 284 44
C10H16O3 184 44 C15H25O8N 347 34
C17H26O8 358 7a

APIN/NO3 HUM/NO3

C10H16O3 184 100 C15H24O7 316 100
C10H16O2 168 87 C15H24O6 300 54
C10H16O5 216 56 C15H24O5 284 46
C20H31O8N 413 52 C15H24O4 268 41
C20H32O8 400 51 C14H24O6 288 27
C17H26O8 358 1a

aEven though the “358-dimer” did not make it to the top-five list; we included it in this table because of the significant previous interest to this
molecule.63,67−69
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oxygenated α-pinene units, respectively. We allowed for the
presence of nitrogen in the assignments but observed very few
NOC (Figure 1), confirming that nitrogen-containing
impurities were minor. The most abundant peaks corresponded
to well-known monomeric products of α-pinene ozonolysis:
C10H16O3 (pinonic acid), C10H16O5 (MW 216), and C10H16O4
(10-hydroxypinonic acid).58 The most likely identities for these
products appear in parentheses next to the formulas. In many
cases, a number of possible compounds can match the same
formula. For example, the compound with MW = 216 was
observed in refs 59−64 and assigned to a C10-carbonyl-
dicarboxylic acid by Kahnt et al.59 but to a peroxide by
Venkatachari and Hopke62 and by Camredon et al.63 The next
two strongest peaks corresponded to dimeric compounds
C19H30O8 (MW 386) and C19H30O7 (MW 370). Both of these
dimers were previously reported in ozonolysis of α-pinene in
refs 62 and 65, but they could not establish their structures on
the basis of the fragmentation patterns. More recently,
Kristensen et al.66 detected both of these dimers, along with
many others, in the lab and in the boreal forest measurement
site of Hyytial̈a,̈ Finland, and suggested that they are ester
compounds. These dimer species were also relatively
prominent in negative ion mode high-resolution mass spectra
reported by Putman at al.64 The best characterized dimer in
APIN/O3 is C17H26O8 (MW 358),63,67−69 which corresponds
to cis-pinic acid esterified with diaterpenylic acid. This dimer
was also observed as an abundant peak in the APIN/O3 mass
spectrum (50% of the pinonic acid peak); its abundance was
much lower under the NOx and NO3 oxidation conditions.
The high-resolution mass spectrum of APIN/NOx SOA

shown in Figure 1 is also qualitatively similar to the one we
reported previously.10 In our previous work, many carbonyl and
carboxyl SOA compounds reacted with the methanol extraction
solvent and were observed as the corresponding hemiacetals
and esters.10 In this study, we excluded methanol from the SOA
extracting solution to avoid the formation of hemiacetals and
esters. The major peaks in the spectra (Table 2) retained the
C10 skeleton of α-pinene, as expected. The five most abundant
peaks were monomeric products with formulas and most likely
identities corresponding to C10H16O4 (10-hydroxypinonic
acid),58 C10H16O6 (MW 232), C10H16O5 (MW 216),
C9H14O4 (pinic acid), and C10H16O3 (pinonic acid). The
MW 232 compound was previously attributed not only to
diaterpenylic acid acetate70 but also to a peroxide compound.62

The fraction of oligomers was substantially smaller in the
APIN/NOx SOA than in the APIN/O3 SOA; for example, the
358-dimer was an order of magnitude lower in abundance in
APIN/NOx SOA. The fraction of peaks corresponding to NOC
was predictably higher in the APIN/NOx SOA. The NOC
peaks also showed clear clustering into monomers, dimers, and
trimers, with the average mass of each NOC cluster shifted by
about 40−50 Da toward higher molecular weights compared to
the nitrogen-free peaks. This could be interpreted as a result of
adding an −ONO2 group (MW 62) instead of an −OH (MW
17) group to the molecule, resulting in a MW difference of 45.
Indeed, most of the NOC in APIN/NOx are expected to be
organonitrates on the basis of the mechanism of BVOC
oxidation under high-NOx conditions.
The high-resolution mass spectrum of APIN/NO3 SOA has

not been reported before. The mass spectrum in Figure 1 is also
clustered in the monomeric, dimeric, and trimeric compounds.
The most abundant three peaks corresponded to C10H16O3
(pinonic acid), C10H16O2 (pinonaldehyde), and C10H16O5

(MW 216). They were closely followed by dimeric compounds
C20H31O8N (MW 413) and C20H32O8 (MW 400). The 358-
dimer mentioned above was barely detectable in the APIN/
NO3 SOA mass spectrum in contrast to the APIN/O3 SOA
case.
The most striking difference between the APIN/NO3 SOA

and APIN/NOx SOA was a much higher fraction of NOC in
the former. For example, Table 3 shows that the fraction of

peaks containing 0, 1, 2, and 3 nitrogen atoms shifted toward
higher N atom values from ozonolysis to OH/NOx photo-
oxidation to NO3 oxidation. This is expected because NO3 can
react with α-pinene directly by addition to the double bond
producing NOC already in the first generation of products. It is
interesting that NOC clearly prevailed in the dimeric products
and were absent from monomeric products of α-pinene
oxidation. For example, one of the major peaks in the spectrum
was a dimer C20H31O8N (Table 2). The NOC monomeric
species could be too volatile to partition into the aerosol, which
could explain why little SOA is formed at lower α-pinene
concentrations.22,23

Figure 2 shows the mass spectra of HUM SOA produced
under different oxidation conditions, and Table 2 lists the top
five peaks observed in the mass spectra. The majority of the
detected compounds were monomers retaining the C15
skeleton of α-humulene, but products with C-numbers differing
from 15 in humulene were also observed. Major peaks for all
three sets of oxidation conditions were dominated by C15H24Oo
compounds with o ranging from 4 to 8. Of these compounds,
only C15H24O4 has been previously identified as α-humula-
dionic acid.71,72 Some of the major compounds had 14 carbon
atoms, with one carbon atom lost from the initial humulene
structure. Unlike the APIN case, there were not many
oligomeric species in mass spectra. Even the first generation
products of oxidation of sesquiterpenes are sufficiently
involatile that they can form SOA without having to dimerize
first.73 NOC were present at the small level of impurities in the
HUM/O3 SOA sample, as expected. The fractions of NOC
were comparable in the HUM/NOx and HUM/NO3 SOA
samples (Table 3). Again, the shift in the average molecular
weight of the NOC and nitrogen-free compounds was
consistent with formation of organonitrates; for example,
C15H25O8N (MW 347) listed in the top-five peaks in the
HUM/NOx SOA in Table 2 could be a result of a replacement
of an −OH group by −ONO2 group in C15H26O6 (MW 302,
which was also present in the mass spectrum with a relative
abundance of 11%).

Photolysis-Induced Changes in Molecular Composi-
tion. Figure 3 shows the mass spectra of SOA samples during
photolysis and control experiments for the 0 and 4 h reaction

Table 3. Percent Fraction of NOC Observed in APIN SOA
and HUM SOA Samples

APIN/
O3

APIN/
NOx

APIN/
NO3

HUM/
O3

HUM/
NOx

HUM/
NO3

0Na 95% 64% 56% 92% 54% 63%
1N 5% 36% 27% 8% 37% 19%
2N 12% 6% 15%
3N 5% 3% 3%

a0N, 1N, 2N, and 3N correspond to compounds with 0 (CxHyOz), 1
(CxHyOzN), 2 (CxHyOzN2), and 3 (CxHyOzN3) nitrogen atoms,
respectively.
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time (1, 2, and 3 h mass spectra are omitted to avoid cluttering
the figure). The mass spectra changed significantly upon
photolysis in several important aspects. The first obvious
conclusion from Figure 3 is that the higher molecular weight
(MW) compounds were converted to lower MW compounds
by photolysis. This is especially noticeable for SOA derived
from α-pinene: the photolysis reduced the abundance of the
dimeric species relative to the monomeric ones and obliterated
all of the trimeric species.

In control samples, hydrolysis also reduced the relative
abundance of the dimeric and trimeric species (Figure 3). At
first glance, the effect of hydrolysis on the oligomers appeared
to be much smaller than that of photolysis. However, we should
keep in mind that photolysis was done with a light source that
was 16 times stronger than solar radiation, so 4 h under the
lamp was approximately equivalent to 64 h under the sun.
Extrapolating the 4 h control experiments suggests that the
effect of hydrolysis could be comparable to the effect of
photolysis.

Figure 2. Mass spectra for the α-humulene SOA samples formed under three oxidation conditions (ozonolysis, NOx photooxidation, and reaction
with NO3) before photolysis. The x-axis corresponds to the molecular weight of the neutral SOA compounds, and the y-axis corresponds to relative
abundances in the ESI mass spectra. Peaks in red denote NOC.

Figure 3. High-resolution mass spectra of the APIN/O3 [A], APIN/NOx [B], APIN/NO3 [C], HUM/O3 [D], HUM/NOx [E], and HUM/NO3 [F]
aqueous SOA extracts at t = 0 h, the dark control after 4 h, and the photolysis sample after 4 h (t = 4). The x-axis corresponds to the molecular
weight of the neutral compounds and the y-axis corresponds to the relative abundance in the positive ion mode ESI mass spectrum. Peaks are
normalized with respect to the largest peak in the sample. Red peaks denote NOC.
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The most obvious effect of photolysis was the dramatic
removal of NOC species. They were removed almost entirely
for the mixtures of APIN/NOx and APIN/NO3 SOA. The
reduction in the number of the NOC species was also obvious
for the HUM/NOx and HUM/NO3 SOA, although a few NOC
appeared to persist. The hydrolysis in the control samples did
not have the same effect; the relative amount of NOC remained
about the same, or even increased in some cases, judging from
the relative peak abundance.
Aerosol mass spectrometer (AMS) measurements of average

elemental ratios (H/C, O/C, and N/C) are frequently reported
in both field and lab studies.74 To aid in the comparison with
other experiments, we calculated the average elemental ratios,
as well as the average molecular size (denoted by the number of
C atoms per molecule), and average double bond equivalent
(DBE) from the assigned, neutral molecular formulas. All
averaged quantities were calculated with respect to peak
abundances for all observed compounds as shown below:

⟨ ⟩ =
∑
∑

=X
I x
I

x c o h n( , , , , DBE)i i

i (3)

⟨ ⟩
⟨ ⟩

=
∑
∑

=X
Y

I x
I y

x y o c h n( , , , , )i i

i i (4)

The results from these calculations for the control and
photolysis samples are compiled in Figures 4 and 5 for APIN
SOA and HUM SOA, respectively, as a function of the
photolysis (or hydrolysis) time from 0 to 4 h.

The average molecular size shown in Figures 4 and 5 was
approximately the same for all SOA samples, with ⟨C⟩ falling in
the range of 14−16. This happened because monomer (C10)
and dimer (C20) compounds were equally represented for α-
pinene SOA (Figure 1), but the α-humulene SOA was
dominated by the monomer compounds (Figure 2). There
was a clear trend in the reduction of ⟨C⟩ with photolysis, which
agreed with the observation that high-MW oligomers were

degraded, as reflected in the mass spectra shown in Figure 3. In
our previous work on photolysis of SOA solutions, we also
observed a reduction in the average molecular size for a broad
range of SOA.8−10 The average molecular size was also reduced
by hydrolysis. The effect of the hydrolysis was smaller than that
of photolysis, but as pointed out above, the photolysis was
accelerated in our experiments by the elevated actinic flux from
the lamp. As a result, both photolysis and hydrolysis could have
comparable effects on the reduction of the average molecular
size under ambient solar irradiation conditions.
The average O/C ratio traditionally describes the degree of

oxidation of a compound. For all the APIN samples, we
observed an increase in the average O/C during photolysis, and
a decrease in O/C during hydrolysis. This is consistent with
previous aqueous photolysis studies of natural organic
matter,75,76 and aqueous SOA samples.8−10 In contrast, we
observed a decrease in the average O/C for HUM samples,
during both the photolysis and hydrolysis. This difference in
behavior between APIN and HUM SOA implies that the effect
of aqueous processing of SOA on the average O/C may be
different for different types of SOA.
Romonosky et al. previously reported an efficient depletion

of NOC species in photolysis of different SOA prepared under
high NOx conditions.

10 In the present study, the average N/C
ratio for samples made in the presence of NOx and NO3 also
decreased dramatically with photolysis. We attribute these
observations to photolysis of organonitrates

ν+ → +hRONO RO NO2 2 (R4)

with secondary processes forming stable nitrogen-free com-
pounds from RO radicals. Organonitrates are relatively weak
absorbers of near-UV radiation.77 However, multifunctional
compounds found in SOA are expected to be stronger
absorbers and more photochemically active.78 Some, but not
all, of the NOC species appeared to be reduced in control
samples as well, which is consistent with facile hydrolysis of

Figure 4. Time-dependent average number of carbon atoms and
elemental ratios in the photolysis (open circles) and dark control
samples (closed circles) for each of the α-pinene oxidation conditions.

Figure 5. Time-dependent average number of carbon atoms and
elemental ratios in the photolysis (open circles) and dark control
samples (closed circles) for each of the α-humulene oxidation
conditions.
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certain secondary and tertiary organic nitrates, but not the
primary ones.79−81 The average N/C was relatively insensitive
to the hydrolysis.
The mechanism of the observed photodegradation of SOA

compounds, including organonitrates, cannot be conclusively
proven because it is challenging to distinguish between direct
photolysis of organic compounds and their indirect photo-
oxidation by OH. Hydroxyl radicals can be formed as
byproducts of SOA photolysis82 or even from the spontaneous
decomposition of SOA compounds in water.82,83 In the
experiments described in this paper, we did not intentionally
add any OH precursors to the photolyzed solutions to
emphasize direct photolysis. Aljawhary et al.84 examined OH-
driven aqueous photooxidation of pinonic acid, which photo-
lyzes too slowly,40 and of two other surrogate products of α-
pinene oxidation. They observed formation of less volatile
products in these processes. For example, more aerosol could
be produced by atomization of a solution of pinonic acid and
H2O2 after the solution was irradiated. We tested the effect of
OH in a separate series of experiments, in which hydrogen
peroxide or nitrate ion were intentionally added to the same
SOA solutions and found that the photodegradation of SOA
organics occurred at an even faster rate, as judged by the
relative abundance of the dimer species to the monomer species
in the mass spectrum after 4 h of irradiation (the data are not
shown because they are qualitatively similar to the data shown
in Figure 3). The SOA compounds that are removed under our
experimental conditions may already be sufficiently oxidized
making the fragmentation-type processes more favorable,85−87

regardless of the mechanism (photolysis, hydrolysis, OH
oxidation).

Effect of Photolysis on SOA Volatility. Figure 6 shows
the distribution of pure compound saturation vapor pressures
for the fresh SOA (before photolysis) estimated by the
“molecular corridors” approach. The volatilities of fresh SOA
compounds spanned a broad range with predicted values as low
as 10−20 μg m−3. A number of volatile compounds were also
observed in the particles with volatilities up to log(C0) = 6
(Figure 6). The compounds should not be present in ambient
particles on the basis of an equilibrium partitioning assumption.
The reason we observed them in our experiments could be
because they were physically or chemically trapped in the
particles due to kinetic limitations88 or were enhanced in the
particles due to the high concentrations used in SOA
preparation.
The reaction of α-pinene with NO3 was observed to make

almost no SOA under low-concentration conditions.22,23

However, under the higher concentration conditions of this
work, the APIN/NO3 SOA contained a number of compounds
with saturation vapor pressure below 1 μg m−3 (Figure 6) and
was not qualitatively different from the APIN/O3 and APIN/
NOx volatility distributions.
The observation of extensive fragmentation of SOA

compounds by photolysis and the resulting reduction in their
average molecular weight suggests that SOA may become more
volatile as its components are fragmented by radiation. We
attempted to estimate the effect of photolysis on the particle
volatility using the “molecular corridors” parametrization. Table

Figure 6. Calculated volatility distributions for the observed SOA compounds before photolysis. The upper dashed line represents linear alkanes
CnH2n+2 with O:C = 0 and the lower dotted line represents linear sugar alcohols CnH2n+2On with O:C = 1. The markers represent individual
compounds color-coded by the O:C ratio. The sizes of the markers are logarithmically scaled by mass spectral abundances.
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4 lists the mass fraction of the SOA compounds expected to
reside in particle phase at Cp = 10 μg/m3 calculated from eq 2.

A reduction in this fraction would mean that the compounds in
the SOA sample become more volatile. The data show that
both the photolysis and hydrolysis reduced the fraction of
material residing in the particle phase. The effect appeared to
be stronger for photolysis. For example, for the APIN/NOx
SOA, the fraction of the detected compounds expected to be in
the particle phase went down from about 50% to less than 20%
after photolysis, and down to 36% during hydrolysis. As
pointed out earlier, the rate of photolysis was accelerated by the
stronger actinic flux from the lamp compared to normal
ambient conditions, so it can be concluded that both photolysis
and hydrolysis had comparable influences on the increase of
SOA volatility. Both processes produced smaller, more volatile
compounds from larger, less volatile ones initially present in
SOA.

■ CONCLUSIONS AND IMPLICATIONS
This study presented high-resolution mass spectra of SOA
prepared from a common monoterpene α-pinene and a
common sesquiterpene α-humulene oxidized under three
different conditions: ozonolysis, reaction with OH in the
presence of NOx, and reaction with NO3. Molecular formulas
could be assigned to most of the observed peaks, and the major
observed peaks were consistent with previous studies of SOA
from these two precursors. The SOA contained a mixture of
monomeric and oligomeric products in the case of α-pinene; it
was dominated by monomeric products C15H24Oo with o = 4−8
in the case of α-humulene. The SOA prepared under OH/NOx
and NO3 oxidation conditions had a number of nitrogen-
containing organic compounds (NOC), assumed to be
organonitrates, RONO2.
The composition of SOA changed significantly during

aqueous photolysis. The photolysis time used in these
experiments was rather long (4 h of photolysis under the
experimental conditions; approximately equivalent to 64 h
under sunlight) but the changes were clearly visible already
after 1 h of photolysis. Two most obvious effects were the
reduction in the average molecular size due to the preferential
degradation of oligomeric compounds, and strong reduction in
the amount of nitrogen-containing organic compounds. The
NOC were almost completely absent after 4 h of photolysis
under the experimental conditions, which was approximately
equivalent to 64 h under sunlight. In contrast, most (but not
all) NOC persisted in aqueous solutions under dark conditions.
The main implication of this work is that organonitrates derived
from BVOC oxidation are not likely to survive long-range
transport of SOA when aqueous processing is occurring under
sunlit conditions. Hydrolysis of organonitrates was suggested as
the reason between much lower amounts of organonitrates
detected in field compared to lab studies;81 photolysis could be

just as important, if not more important, in removing these
compounds. The photodegradation and hydrolysis of NOC
observed in this work could potentially be responsible for the
facile (time scale of 2−4 h) removal of highly functionalized
organonitrates observed in recent field measurements in the
southeast United States.89

Although this study focused on aqueous photochemistry,
similar photodegradation processes could potentially be
effective in the gaseous phase and in organic particles, in the
absence of liquid water. However, the differences in the
mechanisms and rates of photochemical processes occurring
inside the organic phase of SOA and in an aqueous solution of
SOA is still an open question. Although the SOA material is
known to photodegrade at atmospherically relevant rates,90

certain types of photochemical processes are suppressed by the
viscous environment of the SOA material.91,92 Another
complication is that we only tracked water-soluble components
of SOA in this study, and the water-insoluble fraction that
remained on the filter could have very different photochemistry.
The matrix effect on the photodegradation of SOA compounds
should be examined in future experiments.
Aqueous photochemical processing of organics is viewed as

an important source of SOA.6,7 For example, it is well-
established that small water-soluble molecules such as glyoxal
and methylglyoxal produce low-volatility products through
oxidation and oligomerization processes.93−95 Our experiments
clearly demonstrate that not all aqueous processes lead to
buildup of SOA by generating low-volatility products; there are
also competing hydrolysis and photolysis processes that make
dissolved organic compounds smaller and more volatile.
Therefore, an SOA particle entering a fog or cloud droplet
could potentially shrink after the droplet evaporates. We should
stress that in our experiments we removed the volatile
compounds from the aerosol before dissolving the particles in
water. The situations in which both small water-soluble
molecules and particulate compounds are scavenged by water
droplets, and then irradiated by sunlight, will be more complex.
Will the photodegradation of larger SOA compounds prevail
over oligomerization and OH oxidation of smaller ones? It will
be an interesting question to explore in future studies.
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