
Chlorine-Initiated Oxidation ofα‑Pinene: Formation of Secondary
Organic Aerosol and Highly Oxygenated Organic Molecules
Catherine G. Masoud and Lea Hildebrandt Ruiz*

Cite This:ACS Earth Space Chem.2021, 5, 2307−2319 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT:The oxidation ofα-pinene, the most abundantly
emitted monoterpene, is an important source of secondary organic
aerosol. Previous work has focused onα-pinene oxidation by
hydroxyl (OH) radicals or ozone (O3), yet the effect of chlorine
radicals (Cl) as oxidizing agents has not received much attention.
Recent ambient measurements suggest that Cl could substantially
affect SOA formation in continental as well as coastal regions. In
this work, we conducted environmental chamber experiments on
the Cl-initiated photo-oxidation ofα-pinene leading to the formation of oxidized products including highly oxygenated organic
molecules (HOM) and SOA. We use a Filter Inlet for Gases and Aerosols mounted onto a High-Resolution Time-of-Flight
Chemical Ionization Mass Spectrometer (FIGAERO-CIMS) to monitor gas- and particle-phase products and to investigate their gas-
particle partitioning. We identify over 600 species including 197 chlorinated and nonchlorinated HOM, which are up to six times
more abundant in the particle phase than in the gas phase. We alsofind that SOA yields are enhanced under low NOxconditions.
Overall, our work suggests that chlorine-initiated oxidation ofα-pinene can substantially impact tropospheric SOA formation given
the fast chlorine chemistry and the formation of low volatility HOM which contribute to high SOA yields.
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1. INTRODUCTION

Fine particulate matter (particles with a diameter of 2.5μmor
less−PM2.5) are known to have negative impacts on human
health1−4and an uncertain but considerable effect on climate
forcing.5Organic aerosol (OA) accounts for 20−90% of the
fine particulate mass and can be primary or secondary in
nature. Secondary organic aerosol (SOA) forms from the
oxidation of volatile organic compounds, leading to the
formation of lower vapor pressure species that can partition
to the aerosol phase. SOA comprises 50−85% of the global OA
budget.6Up to 42% of OA in the southeastern United States
was recently attributed to monoterpene-derived SOA.7The
most abundantly emitted monoterpene in the atmosphere isα-
pinene;8thus, understandingα-pinene oxidation and resulting
formation of SOA is important to understanding atmospheric
OA budgets.7,9

For decades, researchers have focused on the oxidation of
volatile organic compounds (VOCs) with the most reactive
and abundant oxidants in the atmosphere - hydroxyl radicals
(OH·), ozone (O3), and nitrate radicals (NO3·), and the
ensuing formation of SOA from these reactions. However, not
much attention has been directed to studying chlorine radicals
(Cl·) as oxidants actively participating in the atmospheric
oxidation of VOCs and formation of SOA. This is mainly due
to the long-held belief that chlorine chemistry is only relevant
in coastal areas where NaCl is a significant Cl source. However,
recent measurements of reactive chlorine species in inland

regions have shown that their concentrations are higher than
previously anticipated.10−12Moreover, laboratory studies have
shown the importance of halogen (Cl) chemistry in SOA
formation from various VOC precursors including common
monoterpenes (α-pinene,β-pinene, andd-limonene),13

isoprene,14toluene,15,16and a number of alkanes.17,18While
concentrations of Cl atoms are expected to be lower than the
concentrations of OH in most environments, Cl-initiated
oxidation can compete with OH-initiated oxidation in the
presence of Cl atoms due to faster reaction rates. The rate
constant for the reaction of Cl radicals with most atmospheri-
cally relevant VOCs is up to 2 orders of magnitude higher than
the rate constant of the OH-initiated oxidation.19,20In the case
ofα-pinene, the rate constant for Cl-initiated oxidation is
about ten times faster (5×10−10cm3molecule−1s−1) than the
rate constant for OH-initiated oxidation (5×10−11cm3

molecule−1s−1).19−21

A chlorine atom can initiate the oxidation ofα-pinene by
abstracting a hydrogen atom or by adding to a double bond,
which results in the formation of an organochloride.19,22−25
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Subsequent chemistry can result in loss of the Cl moiety,13and
as such, it is challenging to determine which of these pathways
is dominant. Finlayson-Pitts et al.19suggest that for large
biogenic compounds (such as C10H16), which contain a large
number of abstractable hydrogen atoms, H-abstraction may be
the primary oxidation mechanism. Cai and Griffin13suggest
that even though H-abstraction may account for a significant
fraction of the reaction between C10H16and Cl, the dominant
pathway is likely the Cl-addition pathway. Ofner et al.26

provide evidence for both pathways but do not quantify the
respective contributions to the overall reaction. Wang et al.27

suggest that based on observed spectra of highly oxygenated
organic molecules (HOM) from theα-pinene+Cl reaction, the
H-abstraction pathway may be the dominant pathway for the
formation of HOM; they do not discuss the overall dominant
pathway.
Highly oxygenated organic molecules (HOM)27are known
to contribute to the formation of new atmospheric
particles28−32and secondary organic aerosol32,33due to their
low volatility.34 HOM form in the gas phase through
autoxidation, where a peroxy radical (RO2) undergoes an
intramolecular hydrogen shift reaction forming a hydro-
peroxide group and an alkyl radical, to which molecular
oxygen can then add to form a more highly oxidized peroxy
radical.34 HOM are identified based on their formation
mechanism (autoxidation involving peroxy radicals) and the
number of oxygen atoms in the compound (commonly six or
more O atoms).34 Nitrated HOM, which were recently
observed over boreal regions, are defined as having at least
eight oxygen atoms, as organonitrates can contain six to seven
oxygen atoms without the involvement of peroxy radicals.35

A few previous studies have examined SOA formation from
theα-pinene+Cl reaction. Cai and Griffin13investigated the
SOA formation potential from reactions ofα-pinene+Cl under
low NOxconditions in the absence of inorganic seed and
found SOA yields to be comparable to SOA yields fromα-
pinene oxidation initiated by other common atmospheric
oxidants such as O3and NO3. They also suggested that the
initial ratio of Cl2/α-pinene could have an impact on SOA
formation from this reaction. Ofner et al.26combined an
aerosol smog-chamber and aerosolflow-reactor to study
halogenated organic aerosol formation from theα-pinene+Cl
reaction using Fourier-transform infrared (FTIR) spectrosco-
py. They concluded that halogen-driven formation of
secondary organic aerosol significantly influences physico-
chemical properties of SOA including water solubility, the
potential to act as cloud condensation or ice nuclei, the
adsorption of gas-phase species, and interaction with sunlight,
all of which have implications to radiative forcing. Wang et al.27

used an NO3-based Chemical Ionization-Atmospheric Pres-
sure-interface Time of Flight mass spectrometer (CI-APi-
LToF) to show that HOM formation is observable under low
NOxconditions at average molar yields of 1.8% whenα-pinene
+Cl react at atmospherically relevant conditions.
To the best of our knowledge, no work has previously
reported the impact of temperature and NOxconditions on
SOA mass yields and gas- and particle-phase HOM for theα-
pinene+Cl system. Given that chlorine chemistry is more
important than previously thought in a variety of environ-
ments, it is essential to investigate the Cl-initiated oxidation of
α-pinene under different conditions.
We conducted environmental chamber experiments on the
Cl-initiated oxidation ofα-pinene, focusing on the formation of

several gas and particle-phase products including HOM,
organic nitrates, and SOA as a function of temperature,
VOC precursor concentration, and NOxconcentration. A
High-Resolution Time of Flight Chemical Ionization Mass
Spectrometer (HR-ToF-CIMS) using iodide as reagent ion
measured vapor phase products of the reaction, with the
FIGAERO (Filter Inlet for Gases and Aerosols) providing
insight into particle phase composition. The Aerosol Chemical
Speciation Monitor (ACSM) provided bulk composition of
particle-phase products, including insight into the extent of
oxidation and formation of particulate nitrates. We compare
results from these Cl-initiated oxidation experiments to results
from OH-initiated experiments.

2. METHODOLOGY

2.1. Environmental Chamber and Instrumentation
Overview.To study the formation of gas- and particle-phase
products from Cl-initiated oxidation ofα-pinene, we
experimentally simulate the outdoor atmosphere in a
controlled laboratory setting. A 10 m3Teflon environmental
chamber housed within a temperature-controlled room (Frost
Environmental Rooms Inc.) is surrounded by sets of
fluorescent UV-A lights, with peak emission at 368 nm,
resulting in an NO2photolysis rate of 0.3 min

−1. The Teflon
chamber is not actively stirred, but previous characterization of
the chamber shows that concentrations of injected compounds
stabilize within 15−20 min of injection. Before any photo-
oxidation experiment is conducted, we use an AADCO clean
air generation system toflush the chamber with clean
(particle-, methane-, VOC-free) air at 100 L min−1for∼14
h, resulting in a particle number concentration in the chamber
of <10 cm−3.Wefill the Teflon bag with clean humidified air.
We use an Aerosol Generation System (Brechtel, AGS Model
2002) to inject neutral inorganic seed into the chamber using a
0.05−0.1 M solution of ammonium sulfate, (NH4)2SO4. The
seed aerosol provides surfaces for organic vapors to condense
onto and form SOA once the photo-oxidation begins. We also
use the inorganic seed as an inert tracer to facilitate wall loss
correction. We use a massflow controller to inject desired
amounts of Cl2gas (which forms Cl·upon photo-oxidation)
from a Cl2cylinder (Airgas, 100 ppm in N2). For high NOx
experiments, we use a massflow controller to inject NO from a
cylinder (Airgas, 10 ppm in N2). For experiments with OH
radicals, we pass clean air through an H2O2solution (30−40%,
Fischer Scientific) for 1.5 h to send H2O2vapors into the
chamber.
We inject microliters ofα-pinene (98%, Acros Organics) via
a syringe mounted onto a heated glass bulb with 2.0 SLPM of
clean air carrying the VOC into the chamber. We then wait for
30 min to ensure sufficient mixing of the reactants within the
chamber. We then turn on the UV lights to initiate the photo-
oxidation and leave the UV lights on for 60 min unless
otherwise stated.
We conduct experiments at three different temperatures (5
°C, 25°C, 40°C) and at∼40% relative humidity, with one
experiment carried out at dry conditions (RH < 5%) for
comparison. We conduct“blank”or cleaning experiments
before and after each photo-oxidation experiment in which we
inject inorganic ammonium sulfate seed and Cl2gas into the
chamber without addition of a VOC, and we keep the UV
lights on for several hours to consume organic compounds that
may be on the chamber walls or suspended within the chamber
from previous experiments. Negligible organic aerosol is
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produced in these experiments indicating that the chamber is
clean.
A suite of instrumentation measuring gas- and particle-phase
products surround and are continuously sampling from the
chamber (simplified schematic shown inFigure S1). An
Aerodyne Aerosol Chemical Speciation Monitor (ACSM,
Aerodyne Research Inc.) measures particle-phase products
speciated as organics, chlorides, nitrates, sulfates, and
ammonium.36A Scanning Electrical Mobility Spectrometer
(SEMS, Brechtel Model 2002) size-selects and counts
particles, resulting in size distribution measurements of the
aerosol. A Filter Inlet for Gases and Aerosols mounted onto a
High-Resolution Time of Flight Chemical Ionization Mass
Spectrometer (FIGAERO-CIMS, Aerodyne Research Inc.)
provides high resolution information on the chemical
composition of the evolving gas- and particle-phase prod-
ucts;37−40these measurements are discussed in more detail
below. A cavity attenuated phase shift NO2analyzer (CAPS-
NO2, Environnement S.A AS32M), a chemiluminescence NO/
NOxanalyzer (Teledyne Model 200E), a photometric ozone
analyzer (Teledyne Model 400E), and temperature and RH
probes record relevant trace gas concentrations and exper-
imental conditions throughout the experiment.
Experiments presented in this work were conducted in two
different Teflon chambers. The chamber used for thefirst few
experiments (E1−E5 fromTable 1) was∼3 years old, whereas
the one used for the later experiments (E6−E10 fromTable 1)
was a few months old when the experiments were conducted.
After replacing the chamber, we conducted multiple
conditioning experiments (photooxidation in the presence of
seed aerosol leading to formation of OA) until we clearly
observed repeatability between experiments, suggesting that
wall losses were the same and reproducible.
2.2. FIGAERO-CIMS Operation and Data Analysis.The
FIGAERO-CIMS records gas-phase data at a 1 Hz time
resolution and particle phase data at 1−1.5 h time resolution.
Iodide (I−) as chemical reagent is sensitive toward slightly to
highly oxidized, chlorinated, and nitrogenated spe-
cies.37−39,41,42The FIGAERO inlet has been described in
detail elsewhere.40Briefly, the FIGAERO-CIMS alternates
between two operational modes: in the gas sampling and
aerosol collection mode, vapors are sampled and detected in
real time, while the gas−aerosol mixture is collected onto a
PTFEfilter (Zefluor 2.0μm 24 mm, Pall Corp.) in preparation
for desorption. In the particle desorption mode, heated N2gas
is passed through thefilter volatilizing the collected particles,
and the vapor (volatilized particles) is analyzed with the CIMS.

For these experiments, we collect particles onto the PTFE
filter after the UV lights are turned offhalting most of the gas-
phase chemistry, and the products have had a chance to
equilibrate within the chamber. We collect the aerosol for
different time periods (15−45 min), with 45 min of particle
desorption between collection periods. During particle
desorption, heated ultra-high-purity nitrogen (UHP N2) gas
is passed through thefilter using a temperature-programmed
ramp. The temperature ramp includes 1 min of room
temperature (25°C) desorption to minimize any contribution
from adsorbed vapor-phase compounds, 20 min of thermal
ramping from 25 to 200°C, 10 min of“filter-baking”at 200°C
to remove low-volatility material from thefilter, followed by a
cool-down period of 14 min back to 25°C. The thermal
desorption behavior of different compounds provides insight
into their volatility, as more volatile compounds are expected
to desorb from thefilter at lower temperatures.40,43−45

We analyze the FIGAERO-CIMS data in Igor Pro v 6.3
using the instrument analysis software Tofware v 2.5.11. The
mass-to-charge calibration is based on three calibrants: I−,
I(H2O)

−, and I3
−covering a mass-to-charge range from 127 to

381m/zand isfit to a two-parameter model with accuracy
within 3 ppm. We perform high-resolution (HR) peakfitting
byfirst conducting a targeted search of compounds that are
known products of theα-pinene + Cl,13α-pinene + OH,46,47

andα-pinene + O3reactions.
48−52We then fit additional

compounds based on their exactm/z. When there are two
possible molecular formulas (with similarm/z) that can befit,
where one is a closed-shell compound and the other is a
radical, we choose the closed-shell compound, as it is more
likely to be measured by the instrument. After obtaining the
high-resolution time-series of thefitted peaks, we normalize
the signals by the reagent ion (I−), and then multiply each
signal by a reference value of I−=106ions s−1.
To study the effect of various experimental conditions on
HOM formation, we follow the formation of HOM in the gas
and particle-phases for Cl- and OH-initiated oxidation
experiments. We define HOM in this work as C9−C10
(monomeric) compounds containing six or more oxygen
atoms34(eight or more oxygen atoms for nitrated HOM35).
For each phase, we calculate the total HOM signal (ions/
second or counts/second, cps) and use the ratio of these
signals (particle/gas signal) to gain insight into their gas−
particle partitioning.
We assume complete consumption of α-pinene in Cl-
initiated experiments (experiments 1−8), which is consistent
with chamber modeling (seesection S.7 in the Supporting

Table 1. Summary of Experimental Conditions and Results

Exp.# Experimental details VOC0
a[ppb] NO0

a[ppb] Cl20
a[ppb] Temp [°C] SOAb[μgm−3] YSOA

b f44
b fNO3

b HOM Fp
e

1 Base case, RH < 5% 15 15 15 25 40 0.46 0.13 0.08 0.81

2 Base case 15 15 15 25 41 0.48 0.15 0.03 0.65

3 Low NOx 15 0 15 25 73 0.85 0.10 0.03 0.80

4 1/3×precursor conc. 5 5 5 25 14 0.50 0.14 0.04 0.58

5 3×precursor conc. 45 45 45 25 247 0.96 0.11 0.07 0.85

6d Base case 15 15 15 25 37 0.44 0.13 0.07 0.75

7d Low temperaturec 15 15 15 5 94 1.09 0.08 0.08 0.85

8d High temperature 15 15 15 40 31 0.36 0.11 0.07 0.59

9d H2O2 30 0 0 25 73 N/A 0.08 0.02 0.81

10d H2O2+ NO 15 15 0 25 24 N/A 0.07 0.06 0.51
aInitial concentrations.bReported at the maximum Org signal.cmax SOA observed at 57 min.; lights were turned offat 85 min.dExperiments
conducted in a new Teflon chamber.eFraction of HOM in the particle phase.
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Information) that suggestsα-pinene consumption within 10
min, and with the peak concentrations of organic aerosol
occurring within∼20 min of the experiment (with UV lights
on for 60 min).
We convert the gas-phase signal units from ions/s to ions/
volume using the sampling rate of the ToF-CIMS (2 LPM) to
enable a direct comparison of gas and particle phase signals.
We integrate the desorption signal for the particle phase (ions/
s) with respect to desorption time (s) to obtain a total particle
phase signal (ions). We convert the total particle phase signal
(ions) to the equivalent value in ions/vol using the particle
collection rate and the collection time. The equations we use
to convert the gas and particle signals to equivalent values are
as follows:

Particle signal
ions

vol

Integrated particle signal  ions

Particle collection period min Particle collection rate
L

min

=

[ ]

[ ]×
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We use FIGAERO-CIMS data to create two-dimensional
thermograms for the experiments in this work which provide
insight into SOA volatility.17 Briefly, we compile one-
dimensional plots of particle signal normalized to its maximum
value versus desorption temperature (°C) at eachm/z, into
one two-dimensional thermogram where they-axis is the unit
m/z, thex-axis is desorption temperature, and the color within
the plot indicates normalized signal intensity.
2.3. ACSM Operation and Data Analysis.We measure
bulk chemical composition of the submicron, nonrefractory
species using the Aerosol Chemical Speciation Monitor36at 1
min intervals. In the ACSM, particles areflash-vaporized at 600
°C, and the resulting vapors are ionized via electron impact
ionization (EI). Ions betweenm/z10 and 150 are then
detected at unit mass resolution by a quadruple mass
spectrometer at a scan speed of 200 ms amu−1. The ACSM
alternates measurements offiltered (“open”) and unfiltered
(“closed”) mass spectra to give background-corrected (“differ-
ence”) mass spectra. We calibrate the ACSM using 300 nm
size-selected ammonium nitrate and ammonium sulfate
aerosols generated from nebulized 0.005 M solutions using
the Aerosol Generation System (Brechtel, AGS 2002). We
determine the appropriate nitrate response factor (RF) and
relative ionization efficiencies (RIEs) for ammonium and
sulfate and use these factors to convert ion intensities to mass
concentrations. We use the standard ion fragmentation table to
allocate the ion fragments to different bulk species: organics,
sulfate, nitrate, ammonium, or chloride.
We correct the organic aerosol (Org) trace for wall losses
following the organic-to-sulfate ratio method described in
Hildebrandtetal.53 In this method, the ACSM Org
concentration is multiplied by the mass concentration ratio
of initial sulfate (measured by the SEMS) over the time-
dependent sulfate (measured by the ACSM) to produce a wall-
loss corrected Org concentration. This method accounts for
particle wall losses and the partitioning of organic vapors to
wall-deposited particles but does not account for the loss of
vapors to the Teflon chamber walls. The method assumes

internal mixing of particles and that organic vapors partition to
wall-deposited particles as if they were suspended.
We use the ACSM to calculate SOA mass yields for
experiments 1−8 as follows:

C
SOA yield

gm

VOC gm

OA
3

3

μ

μ
=

[ ]

Δ [ ]

−

−
(3)

whereCOA is the concentration of organic aerosol formed
(corrected as described above) andΔVOC is the amount ofα-
pinene reacted. Since the chamber is particle-free before every
experiment, the initial amount ofCOA is zero, and thefinal
amount ofCOAis the maximum concentration of OA formed.
ΔVOC is the initial amount of VOC injected assuming
complete consumption (section 2.2). We do not calculate SOA
mass yields for OH experiments (9 and 10), as we cannot
assume complete consumption of OH for these experiments.
We also use the ACSM data to calculatef44, the fraction of
total organic aerosol due to species atm/z44 (mostly the
fragment ion CO2

+), which is a proxy for the extent of
oxidation of organic aerosol.54 Detailed ACSM analysis
suggests that the nitrate (NO3) measured is due to organic
nitrates (seesection S.3), and the fraction of nitrate is shown
asfNO3(i.e., NO3/Org) inTable 1.
In the following discussion, we will refer to a“base case”
experiment (exp 2 inTable 1) where the ratio of VOC:NO:Cl2
was 1:1:1 with an initial injection of 15 ppb of each reactant, a
moderate RH of 40% was maintained, and inorganic
ammonium sulfate seed was injected.

3. RESULTS AND DISCUSSION

Experimental conditions and results are summarized inTable
1. We varied temperature, NOxlevels, VOC, and oxidant
precursor levels (while keeping VOC:Cl2ratio at 1) and
conducted two experiments (exp 9, 10) with OH radicals as
the oxidant to compare SOA and HOM formation from Cl-
versus OH-initiated chemistry.
3.1. Gas and Particle Phase Products.Figure 1shows

time series from a representativeα-pinene+Cl+NO experiment
with the highest initial precursor concentration and SOA
formed (exp 5). Thefigure shows gas-phase time series based
on I−CIMS data, as well as organic aerosol concentration
based on the ACSM Org signal. The traces shown are of select

Figure 1.Gas phase time series based on I−CIMS data for exp 5. The
vertical dotted line indicates the time at which UV lights were turned
off. The pOA signal is based on the wall-loss corrected ACSM Org
signal. Traces shown are of select abundant species in the gas phase,
and include chlorinated, nitrated, and highly oxygenated species.
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highly abundant monomeric (C9,C10) compounds clustered
with the reagent ion (I−) that evolve from theα-pinene+Cl
+NO reaction. Similar time series for exp 3 and 4, and a full list
of compounds detected by the I−CIMS are provided in theSI
(Figure S2 and Table S1).
Asα-pinene is oxidized by Cl, gas-phase products form
almost immediately, and maximum SOA concentration is
observed within∼20 min. This is due to the fast reaction rates
for Cl-initiated oxidation ofα-pinene, and high Cl concen-
trations in the chamber. Abundant monomeric reaction
products include chlorinated products such as C9H12O3Cl
and C10H15O3Cl, plain organics such as C10H14O8,9(seeFigure
S9 and S10for HR-fits), C10H16O4, and nitrated organics such
as C10H15NO5−8. Most gas-phase products peak at different
times and then decline. Gas-phase ClNO2rises immediately
upon illumination, reaches its peak at the 10 min mark, and
then steadily declines until the lights are turned offdue to
photolysis. The concentration of organic aerosol (pOA) also
decreases after reaching a maximum until lights are turned off,
consistent with a role of photolysis in the decline. Several
HOM appear within minutes of the start of photo-oxidation,
consistent with these compounds being autoxidation products
(as opposed to multigenerational or sequential oxidation
products that appear later), as atmospheric autoxidation
reactions have been found to occur on the time scale of a
few seconds to minutes.52,55−57

Hundreds of products are formed from the Cl-initiated
oxidation ofα-pinene, several of which are detected in both the
gas and particle phases.Figure 2shows an example mass
spectrum of gas and particle-phase compounds from exp 5,
shown as blue and brown bars, respectively. The mass
spectrum is an average spectrum based on unit mass resolution
data; however, peaks are labeled according to HR-identified
compounds from the I− ToF-CIMS based on the high-
resolution peakfitting procedure outlined insection 2.2.We
sampled gas-phase products and collected aerosol for 30 min

after the lights were turned off. The gas-phase mass spectrum is
an average of those 30 min, while the particle-phase spectrum
is based on the average desorption signals resulting from the
collected particles over the same 30 min period. The full list of
compounds detected by the I−CIMS in the gas and particle
phases is provided in theSI(seesection S.10).
Several compound classes including chlorinated products,
chlorinated and nonchlorinated HOM, nitrates, and some
dimers are shown. Toward the lowerm/zregion, the gas-phase
contribution is more prominent, while at higherm/z, the
particle phase dominates. This is consistent with larger
molecules having lower vapor pressures and therefore more
readily partitioning to the particle phase. HOM are present in
considerable amounts in both the gas and particle phases. The
presence of chlorinated HOM is indicative that the Cl-addition
pathway forms chlorinated RO2precursors that can undergo
autoxidation. Several dimers are also observed in the CIMS
mass spectra (not shown on the graph for scaling purposes)
indicating the importance of oligomerization reactions in the
α-pinene+Cl system. Examples of such dimers include
C16H29NO8, C18H28O10−11, C19H28O8−9, C19H30O8−10,
C20H30O12−13, and C20H32O9,11−13(also seesection S.10).
The presence of NOxin the chamber results in the formation
of OH and O3which can oxidizeα-pinene. However, modeling
of exp 2 (base case experiment, seesection S.7for more
modeling details) shows that the lifetimes of α-pinene
(averaged over thefirst 8 min, when most of theα-pinene is
consumed) with respect to oxidation by O3, OH, and Cl
radicals are 7×104, 600, and 100 s, respectively, indicating
that Cl radicals are the dominant oxidant (seesection S.7 in
Supporting Information). While average Cl concentrations in
this experiment set are higher than they are in usual
atmospheric contexts,27,58we choose these higher concen-
trations specifically to bias the reaction toward theα-pinene
+Cl pathway.

Figure 2.Average unit mass resolution mass spectrum for exp 5 based on FIGAERO−CIMS data, showing gas and particle phase composition
from the same sampling period. Several classes of compounds including organic chlorides (green formulas), organic nitrates (blue formulas), and
highly oxygenated organic molecules (red formulas) are observed in both phases. Labeling of compounds is based on high-resolutionfitting of
peaks in the CIMS spectra.m/zscale ends at 450 in spectrum, but more compounds are observed (at lower concentrations) up tom/z639.
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Data from the unit mass resolution spectrum of the ACSM
can be used to explore particle composition, as described in
section 2.3. For exp 5, thef44value (proxy for extent of
oxidation36) is 0.11. This value is slightly lower than the base
case values (0.15 for exp 2, and 0.13 for exp 6), consistent with
less oxidized products partitioning to the particle phase under
the higher organic aerosol concentrations in exp 5. ThefNO3
value (NO3/Org) was low for all experiments and did not
always follow expected trends. For example,fNO3was the same
for the base case (exp 2) and low NOxexperiment (exp 3).
These observations are indicative of overall low levels of
organic nitrates in the particle phase, and interference from
organic ions in the calculation of NO3from the ACSM.

59

3.1.1. Highly Oxygenated Organic Molecules (HOM).The
reaction ofα-pinene with Cl radicals can lead to HOM
formation.27 We define HOM as non-nitrated molecules
containing six or more oxygen atoms which are likely formed
via auto-oxidation of peroxy radicals in the gas phase,
consistent with the criteria suggested by Bianchi et al.60We
define nitrated HOM as nitrated molecules having at least
eight oxygen atoms.35 Welimitour HOManalysisto
monomers (C9−C10) only, to eliminate the possibility of
highly functionalized dimers (which may have been formed
through a pathway other than autoxidation) being counted as
HOM. Some HOM formation pathways are similar to HOM
formation from reaction with OH;61,62 others would be
considered negligible for oxidation with OH.
Figure 3outlines a proposed mechanism for the formation of
select chlorinated and nonchlorinated autoxidation products,
including HOM, from theα-pinene + Cl reaction. The NO
addition pathway is excluded from the proposed mechanism
for simplicity. The bottom oxidation pathway follows an initial
H-abstraction step, while the oxidation steps on the right
follow initial Cl-addition. Cl can be lost after the initial Cl-
addition step;13thus, our data cannot be used to quantify the
fraction of reactions occurring via H-abstraction versus Cl-
addition. Several of the proposedfinal products in the
mechanism are shown in the gas-phase time series inFigure
1(C10H15ClO3,C10H14O8,9) and are observed in the gas and
particle phases in the FIGAERO−CIMS. We note here that

the FIGAERO−CIMS cannot distinguish between isomers, so
it is possible that the compounds we have identified have a
different structure and/or are formed from different pathways.
One potential difference in the reaction ofα-pinene with Cl
(compared to with OH) is the increased propensity for H-
abstraction relative to addition19and the capability for Cl to
abstract primary H to an appreciable extent.63When initial
oxidation proceeds through H-abstraction, the potential will
exist for fast unimolecular reactions due to the retention of the
double bond, as illustrated inFigure 3. H-abstraction at
primary sites will potentially lead to unique/novel reaction
pathways, as H shifts from primary RO2tend to occur at differ
rates than from secondary or tertiary RO2.

64Abstraction of
primary H can also potentially lead to the formation of peroxy
acyl radical or aldehyde groups,65which tend to undergo
internal H shifts at faster rates than other functionalities.64

Table 1shows the fraction of HOM in the particle phase
(Fp) based on CIMS data for the experiment set. AnFpof 1
indicates that all HOM are in the particle phase; anFpof 0.5
indicates that the HOM formed are distributed equally
between the gas and particle phases. For this experiment set,
up to 85% of HOM are in the particle phase, suggesting the
importance of considering particle-phase concentrations when
evaluating HOM. The partitioning of HOM to the particle
phase is greatest for exp 5 and exp 7 which are the experiments
with the highest organic aerosol loadings. In fact, overall there
is a positive correlation between the fraction of HOM in the
particle phase and the concentration of organic aerosol in the
chamber. This suggests that the gas-particle distribution of
HOM is impacted by equilibrium partitioning and that HOM
do not irreversibly condense to particles.
3.1.2. Particle Composition from ACSM Data.We utilize

ACSM unit mass resolution data to further explore the
differences in particle-phase composition for this experiment
set. Under high NOxconditions, we observe that OH-initiated
oxidation (exp 10) results in a comparable fraction of NO3
formed (6%) compared to Cl-initiated oxidation (exp 6, 7%).
Comparing exp 1 (RH < 5%) and exp 2 (RH∼40%),fNO3is
8% for the dry conditions and 3% for the“humid”conditions.
The lower nitrate concentration under humid conditions could

Figure 3.Select oxidation pathways for theα-pinene + Cl reaction leading to autoxidation and formation of HOM. An initial peroxy radical can be
formed via Cl-addition or H-abstraction after which autoxidation (addition of O2) can occur. The termination products shown here are examples.
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indicate that hydrolysis is a possible sink of alkyl nitrates in this
system. Previous studies on OH-initiated oxidation ofα-pinene
have shown that hydrolysis may be a dominant loss mechanism
forα-pinene-derived organic nitrates in the aerosol phase.66−68

Specifically, Takeuchi and Ng68reported a hydrolysis lifetime
for theα-pinene+OH system of less than 30 min, with the
hydrolyzable fraction of organic nitrates ranging from 23−32%,
indicating that hydrolysis may indeed be a dominant loss
mechanism for particulate organic nitrates. Finally, comparing
exp 7 (5°C), exp 6 (25°C), and exp 8 (40°C), we see that
fNO3decreases as the temperature increases (8.3% to 7.2% to
6.5%). This could be due to organic nitrates having a higher
average volatility than non-nitrated organics or possibly due to
the variation of organonitrate production rates at different
temperatures. Comparing exp 2 (base case) to exp 3 (low
NOx), although NO was not added to the chamber in exp 3,
we observe from CIMS spectra that nitrated organics form in
the gas phase, albeit at lower concentrations. This is likely due
to NOx off-gassing from the Teflon chamber walls as
previously observed in smog chambers69and may explain the
comparablefNO3values for exp 2 and 3.
In terms of the extent of oxidation of organic aerosol, a
negative correlation betweenf44and SOA concentration is seen
for the Cl-initiated oxidation experiments on average
(excluding the low and high temperature experiments 7 and
8). As the organic aerosol loading in the chamber increases,
more volatile (and generally less oxidized) species partition
into the particle-phase, lowering the extent of oxidation of the
organic aerosol. Overall, the SOA formed from Cl-initiated
reactions appears to be more highly oxidized than SOA formed
in OH-initiated reactions. Thef44of SOA formed in exp 10
(OH+NO) is 0.07 versus 0.15 for exp 2 (Cl+NO); likewise,f44
of SOA formed in exp 9 (low NOx, OH) is 0.08 versus 0.10 for
exp 3 (low NOx, Cl). A higher OA oxidation state from Cl-
initiated reactions is consistent with faster chemistry resulting
in the rapid formation of more oxidized species which have
lower volatility and therefore have the potential to form SOA
at higher mass yields. Based on these observations, we
hypothesize that the RO2radical concentration in the chamber
is not high enough where it begins to inhibit autoxidation.
3.2. SOA Partitioning.We study the volatility behavior of
the SOA produced from Cl-initiated oxidation ofα-pinene in
two ways: (1) two-dimensional thermograms and (2)
partitioning values (Fp), as described insection 2.2. We utilize
the ToF-CIMS unit mass resolution data for both methods to
allow for a direct comparison, as shown inFigure 4. TheFpin
Figure 5are based on high resolution peak identification. Two-
dimensional thermograms are available for all experiments
(except exp 6 due to unavailability of FIGAERO data), and
trends are briefly discussed in theSI (section S.6).
3.2.1. Partitioning Based on FIGAERO−CIMS.Following
the procedure described insection 2.2, wecalculate
partitioning values (Fp) using unit mass resolution data and
plot these againstm/zas seen inFigure 4a. The plots shown in
Figure 4are for UMR data based on exp 5 which had the
highest organic aerosol loading. The fraction of each
compound in the particle phase shows a positive dependence
on molecular size (m/z) though there is significant scatter at
the lower end of the mass spectrum (<m/z440).Fpvalues
plateau nearFp = 0.97 (rather than 1.0) likely due to
uncertainties caused by subtraction of the gas-phase back-
ground.Figure 4b shows a 2D-thermogram from the same
experiment, which we generated based on the procedure

described insection 2.2. The 2D thermogram shows
desorption of species at a relatively wide range of temperatures
at eachm/zbelow 440, consistent with the range of scattered
Fpvalues inFigure 4a. This is consistent with the presence of
molecules of similar size but containing different functional
groups, resulting in different vapor pressures. Beyondm/z440,
most molecules are either dimers or highly oxidized monomers
which are predominantly present in the particle phase. The
trend seen inFigure 4b is generally consistent with 2D
thermograms for other experiments in this work (as seen in the
SI, Figures S6 and S7). There are three distinct regions in the
2D-thermograms: thefirst region ofm/z< 400 whereTmaxis
relatively constant withm/zat around∼70°C, the second
region from∼450 <m/z< 500, characterized by an upward
slope inTmax, and the third (m/z> 500) with steadyTmax
values at∼110°C. There is evidence of possible thermal
fragementation for some of the experiments, characterized by
unusually highTmaxvalues at lowm/z(<400).

17

Figure 4.(a) Fraction of compounds in the particle phase (based on
UMR data) vs m/z(b) Corresponding UMR 2-D thermogram
showing“scatter”in lowerm/zregion.m/zvalue includes 127 from I−

reagent ion. Desorption behavior seen atTmax∼160°C is attributed
to desorption of inorganic (ammonium sulfate) seed.
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To further investigate the impact of functional groups on
observed partitioning (Fp), we select products of theα-pinene
+Cl+NO reaction and plot theirFpagainst their effective
oxygen to carbon ratio (O:C) as seen inFigure 5, which is
based on high resolution CIMS data. We calculate effective
O:C based on observed carbon and oxygen numbers with the
subtraction of two oxygen atoms for each nitrogen atom.70The
compounds shown are select monomeric compounds that are
found in“series”with an increasing number of O atoms.
The fraction of a compound in the particle phase generally
increases with the number of O atoms in a compound, until it
reaches a plateau atFp= 1 which indicates that the compound
is only found in the particle phase. It is evident fromFigure 5
that even when composition is considered, an increase in O:C
does not always translate to a linear increase in partitioning to
the particle phase. This is expected given the lack of
information about the functional group in which the O atom
is present (for example, hydroxyl versus carbonyl). Although
information on size (m/z) and O:C ratios can be reasonable
predictors of volatility, knowledge on the structural identity of
molecules is essential to fully determine the vapor pressure of
species. The vapor pressures of functional group isomers
(molecules of equivalent elemental formulas but different
functional groups) can differ by 2−3 orders of magnitude.71−74

Even positional isomers (isomers with the same functional
groups on different positions in the carbon chain) can impact
vapor pressures as they affect intra- and intermolecular
hydrogen bonding.75

The temperature at which the maximum particle signal is
observed (Tmax) has also been used in the literature to infer
volatility of particle-phase species.40,43−45,76,77However, we
find thatTmax does not appear to be a reliable indicator of
volatility. Although the fraction of a compound in the particle
phase (Fp) and itsTmaxshould be positively correlated, most
organic species desorb around a narrowTmaxrange (seeFigure
S4) making it difficult to see such a trend and to obtain
volatility information fromTmaxvalues. For instance, theTmax
values of C9H15NO8and C9H13NO10(Figure S4b) are similar
at∼80°C even though these compounds are expected to
exhibit different desorption behaviors based on their different
elemental formulas. We observe similar behavior (i.e., similar
Tmax values) for C10H14O7and C10H14O11fromFigure S4b,
and C10ClH15O2and C8H13NO6fromFigure S4c. Further-

more,Tmax is dependent on organic aerosol loading on the
PTFEfilter as reported by Huang et al. and Wang and
Hildebrandt Ruiz17,78, and as observed in this work (seeFigure
S5). Overall, FIGAERO−CIMS data can provide valuable
insights into the partitioning behavior of species based on their
size and elemental ratios. Calibrating the FIGAERO−CIMS
with a variety of standards that cover a large span of molecular
sizes and saturation concentrations can be beneficial for
obtaining more reliable volatility information, but care must be
taken to account for possible OA loading dependence, and
when dealing with data sets which may contain positional or
structural isomers. Using other analytical instrumentation that
can distinguish between isomers (e.g., gas chromatography−
mass spectroscopy (GC-MS) or ion mobility spectrometry
(IMS)) in tandem with FIGAERO−CIMS may also improve
confidenceinthevolatilityinformationobtainedfrom
FIGAERO data.
3.2.2. SOA Yields.We report secondary organic aerosol

yields for experiments 1−8 and plot them against organic
aerosol loading inFigure 6. We do not evaluate SOA yields

from the OH experiments, as we were unable to measure the
fraction ofα-pinene consumed. SOA yields from this work are
labeled by experiment number, and results from previous
studies of theα-pinene+Cl13andα-pinene+OH79systems are
added for comparison. Overall, the SOA yields in this study are
similar to those observed in previous work.Figure 6shows that
thefitted yield curve (based on exp 1−6) follows the expected
behavior based on absorptive gas-particle partitioning theory.80

The lower yields for theα-pinene+Cl system discussed in work
by Cai and Griffin13compared to this work may be due to the
absence of inorganic seed within their chamber, which can lead
to higher wall losses,81−83and due to differences in the wall-
loss correction method used.
By comparison of SOA yields from exp 4 and 5 (low vs high
precursor concentration), it appears that SOA formation is
moderately enhanced (relative to the yield curve) at lower
precursor concentration. The organic aerosol formed in exp 4

Figure 5.Fpvs effective O:C ratio for compounds with increasing
number of oxygen atoms.

Figure 6.Plot of yield versus OA loading (log scale) based on ACSM
data. Experiments from this work are labeled by experiment number
as shown inTable 1.α-Pinene+Cl andα-pinene+OH chamber yield
results from the literature are shown for comparison purposes. No
NOxspecies were added in the experiments by Cai and Griffin

13and
Henry et al.79The dotted gray line is the yield curve based on afitof
the experiments (E1−E6) in this work.
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is more oxidized than in exp 5 (f44= 0.14 vs 0.11), and thus
the higher SOA yields observed in exp 4 are consistent with
more highly oxidized species having lower vapor pressure,
resulting in increased partitioning to the particle phase.
Exp7 which was conducted at a low temperature of 5°C lies
highest above the yield curve, and exp 8 (high temperature)
lies below the yield curve, consistent with the dependence of
saturation vapor pressures on temperature, resulting in more
OA formation at lower temperature. The “base case”
experiments (1, 2, 6) lie very close to each other on the
Yield−OA loading curve, indicating good repeatability within
our environmental chamber. Overall, SOA yields from this
experiment set show the importance of Cl chemistry in
enhancing SOA formation in the atmosphere.

■CONCLUSIONS
In this work, wefind that Cl-initiated oxidation ofα-pinene
forms high yields of organic aerosol that is more highly
oxygenated than aerosol formed from OH-initiated oxidation.
High-resolutionfitting of CIMS data shows that numerous
HOM are present in the gas and particle phases at substantial
levels, suggestive of the importance of auto-oxidation and the
formation of HOM in the formation of SOA fromα-pinene.
We calculate the fraction of measured molecules in the particle
phase (Fp) andfind thatFpgenerally increases with molecular
size and extent of oxidation; however, it is also clear that other
factors impact volatility. Particle fractions of HOM appear to
be influenced by equilibrium partitioning, suggesting that
partitioning of HOM to the particle phase is not irreversible.
Considering the rapid formation of oxygenated molecules and
OA from Cl-initiated oxidation ofα-pinene, Cl chemistry may
be an important contributor to the formation of secondary
pollutants especially in regions with high chlorine concen-
trations.
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Laaksonen, A.; Lawler, M.; Leiminger, M.; Mathot, S.; Möhler, O.;
Nieminen, T.; Onnela, A.; Petäjä, T.; Piel, F. M.; Miettinen, P.;
Rissanen, M. P.; Rondo, L.; Sarnela, N.; Schobesberger, S.; Sengupta,
K.; Sipilä, M.; Smith, J. N.; Steiner, G.; Tomè, A.; Virtanen, A.;
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