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Abstract

Photodegradation of secondary organic aerosol (SOA) prepared by ozone-initiated ox-
idation of D-limonene is studied with an action spectroscopy approach, which relies on
detection of volatile photoproducts with chemical ionization mass-spectrometry as a
function of the UV irradiation wavelength. Efficient photodegradation is observed for a5

broad range of ozone and D-limonene concentrations (0.1–300 ppm) used in the prepa-
ration of SOA. The observed photoproducts are dominated by oxygenated C1-C3 com-
pounds such as methanol, formic acid, acetaldehyde, acetic acid, and acetone. The
irradiation wavelength dependence of the combined yield of the photoproducts closely
tracks the absorption spectrum of the SOA material suggesting that photodegradation10

is not limited to the UV wavelengths. Kinetic simulations suggest that RO2+HO2/RO2
reactions represent the dominant route to photochemically active carbonyl and perox-
ide species in the limonene SOA material. Similar photodegradation processes are
likely to occur in realistic SOA produced by OH- or O3-initiated oxidation of biogenic
volatile organic compounds in clean air.15

1 Introduction

Vegetation around the globe emits some 1150 Tg/year of carbon in the form of volatile
organic compounds (VOC). The terpene family, which includes isoprene (C5H8),
monoterpenes (C10H16), and sesquiterpenes (C15H24), accounts for over 50% of bio-
genic VOC emissions (Guenther et al., 1995). Atmospheric oxidation of terpenes20

by OH, O3, and NO3 readily produces oxygenated terpenoids, which are generally
less volatile than their precursors, and can therefore condense into secondary or-
ganic aerosol (SOA). At night time, terpenes are primarily oxidized by reactions with
NO3 (Winer et al., 1984; Hallquist et al., 1999; Atkinson and Arey, 2003a; Spittler
et al., 2006). Oxidation by OH and O3 dominates during daylight hours, when ter-25

pene emission rates are the highest (Atkinson and Arey, 2003a). Cl-atom initiated
oxidation of monoterpenes may also contribute to SOA production in special cases
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(Cai and Griffin, 2006).
Limonene is one of the most abundant monoterpenes in the atmosphere (Geron

et al., 2000; Roberts et al., 1985). Biogenic sources produce only R-enantiomer
of limonene or D-limonene (CAS 5989-27-5); we are going to refer to it as simply
“limonene” in this paper. Limonene is frequently observed in indoor environments5

because it is intentionally added to various cleaning products (Singer et al., 2006;
Nazaroff and Weschler, 2004). Ozone initiated oxidation is the most important loss
mechanism for limonene both outdoors and indoors. Therefore, gas-phase ozonolysis
of limonene has been studied extensively to characterize the chemical composition of
condensable and volatile products (Hewitt and Kok, 1991; Grosjean et al., 1993; Hakola10

et al., 1994; Glasius et al., 2000; Koch et al., 2000; Feltham et al., 2000; Leungsakul
et al., 2005a; Norgaard et al., 2006; Heaton et al., 2007; Iinuma et al., 2007; Walser et
al., 2008), determine the yield of limonene SOA (Hoffmann et al., 1997; Weschler and
Shields, 1999; Griffin et al., 1999; Wainman et al., 2000; Bonn et al., 2002; Rohr et al.,
2003; Jonsson et al., 2006; Ng et al., 2006; Zhang et al., 2006), characterize the hy-15

groscopic properties of organic particles in limonene SOA (Virkkula et al., 1999; Hartz
et al., 2005; van Reken et al., 2005), and evaluate health effects of limonene oxidation
products (Karlberg et al., 1992; Wolkoff et al., 2000, 2008; Wilkins et al., 2003; Kleno
and Wolkoff, 2004; Nojgaard et al., 2005; Sunil et al., 2007).

Terpene-derived SOA can remain in the atmosphere for 4–7 days before it is re-20

moved by deposition processes. During this time, the chemical composition of organic
particles can be significantly modified because of their exposure to gas-phase oxi-
dants, reactive and non-reactive uptake of semivolatile organic compounds, and var-
ious condensed-phase photochemical processes initiated by sunlight (Guzman et al.,
2006; Rudich et al., 2007; Robinson et al., 2007). For example, many terpene oxi-25

dation products, specifically aldehydes, ketones, and peroxides, are known to absorb
radiation in the tropospheric actinic window (λ>300 nm) leading to photodegradation of
SOA constituents on atmospherically relevant time scales (Walser et al., 2007; Mang
et al., 2008). The solar photodegradation of SOA may potentially affect its optical,
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toxicological and hygroscopic properties. This study focuses on the mechanism of
photochemical processes in SOA derived from oxidation of limonene by ozone, which
will be referred to as “limonene SOA” for short.

Our group previously observed emission of multiple VOCs from limonene SOA ex-
posed to UV radiation in the actinic region. We demonstrated that formaldehyde and5

formic acid are produced by photolysis of exocyclic secondary ozonides derived from
limonene (Walser et al., 2007). The emission of CO, CH4, small alkenes, alcohols, and
carbonyls was attributed to Norrish photocleavage of various carbonyls in limonene
SOA (Mang et al., 2008). We measured the action spectra for the emission of CO
and formic acid as a function of irradiation wavelength, and compared these spectra10

with the absorption spectrum of limonene SOA. Based on these observations, we con-
cluded that carbonyl and peroxy functional groups in SOA are photodegraded on time
scales that can be as short as several hours under realistic atmospheric conditions
(Mang et al., 2008).

In this paper, we present a new instrument for characterization of photodegradation15

of SOA using chemical ionization mass spectrometry (CIMS). This instrument has con-
siderably higher sensitivity to oxygenated VOCs compared to the infrared cavity ring-
down instrument used in our previous works (Walser et al., 2007; Mang et al., 2008).
The increased level of sensitivity makes it possible to study photodegradation of SOA
prepared at more atmospherically relevant concentrations of terpene and ozone. Fur-20

thermore, action spectra can now be obtained simultaneously for all photodegradation
products detectable by CIMS. We demonstrate the capabilities of this instrument us-
ing photodegradation of limonene SOA, which we previously studied with the cavity
ring-down based instrument.

This article is organized as follows. As this is the first time this CIMS instrument is25

presented, its design is described in detail in the experimental section. The results
of photodegradation measurements for limonene SOA are presented next, and the
article is concluded with a discussion of atmospheric implications of these laboratory
measurements.
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2 Experimental

2.1 SOA sample preparation

SOA was generated by a dark reaction between limonene vapor and ozone in zero-air
at room temperature and ambient pressure. Home-made Teflon FEP bags with black
covers were used as reaction chambers. They were filled to a desired volume with dry5

air from Parker model 75–52 FTIR purge gas generator. Ozone was generated from ul-
trahigh purity (UHP) oxygen by a commercial ozone generator (Ozonetech OZ2SS) and
added to the chamber until a desired concentration was reached. A home-built ozone
photometer continuously measured the ozone concentration in the chamber. The re-
action was initiated by a microsyringe injection of a small volume of liquid limonene via10

a septum port in the chamber. Limonene quickly evaporated and reacted with ozone
in the gas-phase. Limonene was purchased from Acros Organics (97% stated purity)
and used without additional purification.

In order to assess the effect of concentrations of limonene and ozone on the result-
ing SOA photochemistry, the initial concentrations were varied by three orders of mag-15

nitude. Typical conditions are presented in Table 1 for high (∼300 ppm), intermediate
(∼1 ppm), and low (∼0.1 ppm) initial ozone mixing ratios. To avoid cross-contamination,
two separate chambers were used for low/intermediate and high concentration exper-
iments. A scanning mobility particle sizer (SMPS) was used to monitor the particle
formation in selected experiments.20

Figure 1 shows a typical time dependence of ozone and particle concentrations in
the reaction chamber for the intermediate concentration case. Following the injection
of limonene, the ozone mixing ratio decreased 50% in 10 min resulting in a prompt
particle growth. The particle number concentration was 8×105 cm−3 and mean particle
size was ∼100 nm after 10 min of reaction. After one hour, the number concentration25

decreased to 3×105 cm−3 while the mean size of particles increased to ∼220 nm, sug-
gesting that particles were coagulating. Particle collection typically started after 30 min
after the addition of limonene.
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SOA material was collected on six identical quartz-fiber filters using a home-built
six-way filter holder and an oil-free pump (GAST 1023). Explicit SMPS measurements
showed that particles were collected with better than 95% efficiency. The collection
time and pump flow rate were 3 min and 2 SLM (standard liters per minute), 10 min
and 1.5 SLM, and 30 min and 2 SLM for ozone concentrations of 300 pm, 1 ppm, and5

0.1 ppm, respectively. The weight of collected SOA material was measured with Sar-
torius ME5-F filter balance with 1µg readability and/or estimated from the SMPS data.
Typically, each filter contained about 10, 30, and 50µg of SOA material for low, inter-
mediate, and high concentration experiments, respectively. All filtered samples were
stored under a flow of dry nitrogen in darkness, and used within 10 h of their prepara-10

tion.
Particles were also collected by impaction on 2.5 cm diameter CaF2 windows in order

to record UV/vis absorption spectra of SOA material with Shimadzu UV-2450 dual-
beam spectrophotometer. A relatively uniform film of SOA material was prepared by
compressing the collected particles between two CaF2 windows and gently heating15

them. Details of this procedure and representative absorption spectra of limonene
SOA material were described by (Mang et al., 2008).

2.2 CIMS instrument

Figure 2 shows a diagram of the experimental setup designed to measure the relative
yields of gas-phase products formed in SOA photodegradation as a function of the20

irradiation wavelength. A filter loaded with SOA was placed inside a 14 cm3 glass flow
cell equipped with a 2 cm quartz window. A combination of a 150 W Xe-lamp (Oriel) and
a 1/8-m monochromator (Spectra-Physics) was used to generate a desired wavelength
of radiation from 270 nm to 650 nm. The slits of the monochromator were fully open
resulting in ∼10 nm wavelength resolution (FWHM). A quartz lens was used to collimate25

the radiation on the filter. The radiation power was measured with a calibrated power
monitor (Coherent PS19Q) and ranged from 0.050–0.45 mW and 0.40–2.6 mW in high
and low/intermediate concentration experiments, respectively
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Gas-phase products of photolysis were detected by a home-built CIMS apparatus
shown in Fig. 2. UHP N2 flow passed over the irradiated filter sample and entered
a 50 cm long, 0.06 cm ∅ stainless steel tube, which was concentrically inserted into
0.40 cm ∅ tube (symbol ∅ refers to the inner tube diameter). At the end of the outer
tube, a small fraction of the flow exited through a 50µm pinhole (labeled “a” in Fig. 2),5

while the excess flow was pumped away through a mass flow controller. For high and
intermediate concentration experiments (O3≥1 ppm), the sample flow and pump flow
were set to 200 sccm (standard cubic centimeters per minute) and 180 sccm, respec-
tively, resulting in ∼0.05 s travel time from the SOA holder to pinhole “a”. To increase
the sensitivity in low concentration experiments (0.1 ppm ozone), the sample and pump10

flows were reduced to 50 and 30 sccm, respectively, resulting in sample residence time
of 0.2 s. The pressure in the photolysis cell was kept at 700 Torr resulting in ∼20 sccm
flow through the pinhole.

The instrument was operated in a proton-transfer mode (Harrison, 1992), using pro-
tonated water clusters (H2O)nH+ as reagents. UHP N2 carried trace amounts of H2O15

vapor into a 1.0 cm ∅ stainless steel tube terminated with a 100µm pinhole (labeled
“b” in Fig. 2). The N2 flow was 20–40 sccm and the pressure in the tube was typically
in the range of 250–460 Torr. Protonated water clusters were generated by expos-
ing the gas flow to β-particles emitted by a 15 mCi 63Ni ring-source (Isotope Products
Laboratories), which was mounted near the tube exit. The most abundant ions were20

(H2O)4H+ and (H2O)3H+, with some (H2O)2H+ and (H2O)5H+ also present. Free hy-
dronium ion (H3O+) was normally not observed. The ions passed through the 100µm
pinhole and entered the ionization volume, where the proton transfer reactions with
analyte molecules took place.

The ion and sample flows were mixed together in a short cylindrical tube (6 cm long;25

1.0 cm ∅) equipped with a 270µm pinhole at the end (pinhole “c” in Fig. 2). Inside
this ionization volume, protons transferred from water ions to analyte molecules with
higher proton affinity (PA). The pressure in the tube was in the range of 40–80 Torr,
and ion residence time was ∼0.4 s. The resulting ions exited the pinhole into the main
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chamber of the CIMS instrument kept at 0.3–0.4 Torr by a mechanical pump/booster
combination (Edwards Vacuum E2M80/EH500).

After traversing the main chamber for 2–5 mm, ions entered the second differentially
pumped chamber through a 500µm pinhole (labeled “d” in Fig. 2). The ions entered
the third differentially pumped chamber containing an ABB Extrel quadrupole mass5

spectrometer (QMS) through a 500µm conical skimmer. The skimmer, pinhole “c”,
and pinhole “d” were all concentrically aligned with respect to the entrance into an
ABB Extrel axial molecular beam ionizer assembly mounted at the QMS entrance. The
ionizing current was turned off, and the ion source was merely used to transmit the ions
into the QMS. The QMS had four 19 mm diameter rods driven at 1.2 MHz by a 300 W10

power supply. The ions were detected in single ion counting mode with a conversion
dynode multiplier and pulse amplifier. The QMS and its electronics were controlled by
a computer using Merlin Automation software.

2.3 SOA photodegradation measurements

For each filter placed in the photolysis cell, several mass spectra were collected in15

the absence of irradiation in order to measure the background ion counts. After the
irradiation was turned on, 15–45 additional mass spectra were collected. Each mass
spectrum represented an average of 440 QMS microscans and took 2 min to acquire.
The range was 10–400 m/z in order to include monomeric and dimeric products of
limonene oxidation and their possible volatile photodegradation products. The mass20

resolution was ∼1 m/z.
A separate SOA filter was used for each irradiation wavelength. With six identical

filter samples, photodegradation at six irradiation wavelengths could be examined for
a given SOA batch. One of the irradiation wavelengths was always 270 nm for nor-
malization purposes. In order to minimize possible aging effects due to slow reactions25

between SOA constituents, we finished photolysis of all collected samples as quickly
as possible. It usually took 5–10 h to complete one set of filters, including loading the
filters, recording the background mass-spectra, irradiating the filters until the intensity
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of photoproduct peaks reached a stable level, and purging the system in preparation
for the next filter sample.

3 Results

3.1 Calibration of the CIMS instrument

The linearity of CIMS response was verified using acetone, one of the known SOA5

photodegradation products (Mang et al., 2008). The reference sample flow was pre-
pared by combining 2–100 sccm of pre-mixed 1.11 ppm 13C-acetone in N2 with 20 SLM
of UHP N2 using calibrated mass flow controllers. The resulting acetone mixing ratio
ranged from 0 to 6.5 ppb. A trace of dimethyl sulfide impurity was present in the calibra-
tion mixture but it did not interfere with the acetone peaks. Figure 3 shows a calibration10

plot for the sum of major ions derived from 13C-acetone, specifically AcH+, AcH+·H2O
and AcH+·(H2O)2, and AcH+·(H2O)3. (A peak corresponding to Ac2H+ was also found
in spectra. However, it was significant only at concentrations well in excess of those
used in Fig. 3.) The signal increases linearly for acetone mixing ratio below 6.5 ppb.
The detection limit for acetone corresponds to ∼0.010 ppb (mixing ratio at which the15

observed signal is equal to 3 times the root mean square deviation for the background
noise). This value is typical for proton-transfer CIMS instruments (Lindinger et al.,
1998).

In the presence of acetone or other ionizable VOCs in the sample flow, the intensities
of all protonated water cluster ions (H2O)nH+ decreased slightly. Within the uncertainty20

of the measurements, the decrease in the combined (H2O)nH+ count was exactly bal-
anced by the increase in the total product ion count. (The slopes for the increase in the
acetone ion signal and decrease in the water cluster signal in Fig. 3 are slightly differ-
ent because of the dimethyl sulfide impurity present in acetone.) Even in experiments
where the combined (H2O)nH+ signal decreased by as much as 40%, the overall ion25

signal was constant. The constant total ion count implied a relatively uniform QMS
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detection efficiency over the working m/z range of this instrument.
The absolute intensities of the product peaks measured by this CIMS instrument de-

pended in a complicated way on the selection of gas flows through the different mass
flow controllers shown in Fig. 2. Therefore, additional calibration experiments were
performed with a goal of achieving linearity over the broadest possible range of analyte5

concentrations. It was possible to achieve acceptable linearity for acetone concentra-
tions up to 30 ppb despite the fact that this concentration depleted the total (H2O)nH+

signal by almost 30%. To avoid possible saturation effects, the depletion of (H2O)nH+

was always kept well below 30% during all SOA photodegradation measurements de-
scribed below.10

3.2 CIMS spectra of SOA photodegradation products

Optical extinction coefficients of SOA constituents generally decrease with wavelength
in the near UV range (Mang et al., 2008), whereas the intensity of Xe-lamp emission
increases with wavelength. As a result of these two competing effects, there was an op-
timal irradiation wavelength (∼290 nm), which produced the largest amount of volatile15

SOA photodegradation products. Figure 4 shows selected mass spectra observed be-
fore and during the 290 nm irradiation of SOA filters from low, intermediate, and high
ozone concentration experiments.

In the absence of radiation, the observed mass spectrum typically contained only
peaks at 55, 73, and 91 m/z attributable to ion clusters (H2O)nH+, with n=3, 4, and20

5, respectively. If the SOA filters were not sufficiently purged with dry nitrogen prior to
their placement in the photolysis cell, additional ions were often observed in the back-
ground spectrum. In that case, purging continued until only (H2O)nH+ ions remained.
Irradiation of the filter resulted in the appearance of many additional peaks in the spec-
trum from photodegradation of SOA material. We explicitly verified that the observed25

VOCs were produced photochemically, and not as a result of a radiative heating of the
sample (irradiation increased the filter temperature by less than 2◦C). Intentional heat-
ing of the sample to ∼100◦C produced a completely different pattern of peaks in the
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mass spectrum (Fig. 5) that was very similar to the CIMS mass spectra of vaporized
limonene SOA particles reported by Hearn and Smith (2006).

The expected photodegradation products should contain only C, H and O atoms,
and only oxygenated species, i.e., alcohols, carbonyls, carboxylic acids, and possibly
peroxides, should be detectable by this CIMS instrument. The mass spectra in Fig. 45

contain families of peaks separated by 18 m/z suggesting that each neutral product M
produced several ions MH+·(H2O)n with a range of n values. Dimeric ions M2H+·(H2O)n
were also detectable in the mass spectrum. Most peaks below 120 m/z could be
assigned (Table 2) to CH3OH, HC(O)OH, CH3C(O)H, CH3C(O)OH and C3-carbonyl
(CH3C(O)CH3 or CH3CH2C(O)H). Peaks at higher m/z values, e.g., 141, 143, 157,10

169, and 197 m/z could not be assigned with certainty.
The mass spectra of photodegradation products for SOA produced at different ozone

concentrations were somewhat different (Fig. 4). The high ozone concentration SOA
had more unidentified peaks at higher m/z values, and the observed products were
more oxygenated. For example, the peaks attributable to CH3C(O)OH were enhanced15

relative to CH3C(O)H peaks in the high concentration experiments. The relative yield of
acetone was also enhanced at high O3. Finally, the high concentration SOA samples
required less UV intensity to generate an observable signal, presumably because of
the larger amount of SOA material collected on the filters.

3.3 Action spectra of SOA photodegradation products20

To investigate the wavelength dependence of the relative yields of SOA photodegra-
dation products, mass spectra were recorded at different irradiation wavelengths for
identical SOA samples. Figure 6 compares mass spectra observed after 30 min of ir-
radiation at six different wavelengths for a 1 ppm ozone experiment. For all irradiation
wavelengths a similar distribution of the major product peaks was observed, although25

the overall intensities changed. This implies that there is no significant change in the
photodegradation mechanisms over the studied wavelength range.
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For each set of SOA filters, the experiments were conducted under conditions
wherein the total ion current (TIC) was constant over the course of the measurements,
and equal to the sum of all (H2O)nH+ ion intensities prior to irradiation:

TIC =

(∑
n

(H2O)nH+

)
initial

= constant (1)

The total product ion current (PIC) was calculated by summing ion intensities from all5

detectable photodegradation products, or equivalently, by subtracting the (H2O)nH+ ion
intensities from the overall ion current.

PIC =
∑

products = TIC −
(∑

n

(H2O)nH+

)
(2)

We verified that both methods in Eq. (2) gave identical results within experimental
uncertainties, although summing the products resulted in higher signal-to-noise ratios10

for TIC because of the low background ion signals in the absence of irradiation.
Figure 7 shows a typical time dependence of PIC for SOA samples irradiated at three

selected wavelengths. The observed photoproducts did not appear instantaneously but
instead reached a steady-state level on time scales of 5–20 min for samples prepared
at different O3 concentrations. This time was significantly longer than the time required15

for molecules to travel through the CIMS inlet lines (<0.4 s), and the residence time
in the ionization region (∼1 s). The rate with which the signal reached a steady-state
appeared to be limited by the transfer of the photodegradation products from the SOA
material into the gas phase. Indeed, it took considerably longer for SOA samples
prepared under high ozone concentration conditions to reach a steady-state because20

they had more SOA material deposited on the filters.
We constructed the action spectra by normalizing the observed peak intensities by

the wavelength-dependent flux of photons incident on the filter.

Yi (λ) =
Intensityi (λ)

λ × power(λ) × TIC
(3)
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Intensityi (λ) is the observed CIMS signal due to a given product for the specified irradi-
ation wavelength, and Yi (λ) is the wavelength-dependent relative yield of this product.
The wavelength appearing in the denominator is necessary to convert the measured
radiation power (in watts) into the relative photon flux (photons per second). The total
relative yield of photodegradation products was defined in a similar way:5

Ytotal(λ) =
PIC(λ)

λ × power(λ) × TIC
(4)

The yields defined in Eqs. (3) and (4) do not take into the account different sensitivities
of the CIMS instrument to different VOCs. Therefore, in the absence of a more thorough
calibration, the values of Yi cannot be used to directly compare absolute yields of
different photodegradation products. However, they are still useful in comparing the10

yields for the same product at different irradiation wavelengths.
To facilitate comparison of experiments done on different sets of SOA samples, the

yields were further normalized to the respective yield measured at 270 nm, for example:

Y normalized
total (λ) =

Ytotal(λ)

Ytotal(270 nm)
(5)

Figure 8 shows the resulting action spectrum for the normalized total product yield.15

The shape of the action spectrum appears to be remarkably insensitive to the initial
ozone concentration. Furthermore, the photodegradation action spectra closely mimic
the absorption spectrum of the SOA sample.

3.4 Effect of SOA aging on photodegradation

In the process of conducting these measurements, we noticed that measured values of20

Ytotal were slowly decreasing with time as the filters were stored in darkness under dry
nitrogen. One aging experiment was done to quantify the rate with which this reduction
in photodegradation efficiency took place. High concentration limonene SOA particles
were stored under N2 flow (100 sccm) in darkness. At certain time intervals, one of
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the filters was retrieved from the storage environment, and its Ytotal was measured at
310 nm. Figure 9 shows the resulting dependence of Ytotal (310 nm) on storage time.
The product signal decreased by 50% in about 50 h. Most of the decrease was likely
due to a slow volatilization of material from the filter. However, slow polymerization
reactions between SOA constituents observed by (Mang et al., 2008) may also have5

contributed to the reduced photodegradation rate.

4 Discussion

4.1 Comparison of the CIMS and CRDS techniques

Walser et al. (2007) and Mang et al. (2008) previously studied photodegradation of
limonene SOA prepared under the conditions of ozone and limonene concentrations10

corresponding to the “high” case in Table 1. They used an infrared cavity ring-down
spectroscopy (CRDS) instrument to detect volatile products of the photodegradation.
The detection limit of the CRDS instrument is of the order of 1010 molec/cm3 for
molecules with reasonably strong rotationally resolved bands in the mid-IR range (e.g.,
CH4, CO, CH2O, HC(O)OH, CO2). With the typical CRDS operational pressure of15

100 Torr, this translates into 3 ppb effective detection limit for the mixing ratio. In con-
trast, the estimated detection limit for the new CIMS instrument is 0.01 ppb (Fig. 3),
which makes it possible to do experiments with considerably smaller quantities of SOA
material. This work is the first report of photodegradation of limonene SOA prepared
under more realistic atmospheric conditions (“low” case in Table 1).20

The CRDS and CIMS approaches provide complimentary information: CIMS works
best for molecules with high proton affinities, whereas CRDS works best for small
molecules with narrow IR absorption features. Because of this selectivity certain SOA
photodegradation products can only be detected with one of these approaches. For
example, Mang et al. (2008) reported an action spectrum for the release of CO re-25

sulting from Norrish type I splitting of carbonyls in the limonene SOA material. As the
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CIMS instrument is relatively insensitive to CO, no direct comparison is possible in this
case. (Walser et al., 2007) reported an action spectrum for the release of formic acid
during photolysis of limonene SOA measured as a function of the irradiation wave-
length. Formic acid is also one of the major products detected by the CIMS instrument.
Figure 10 demonstrates that the action spectra for the formic acid release indepen-5

dently obtained by these two methods are in near perfect agreement, a very satisfying
cross-validation result.

4.2 Effect of reactant concentrations on the action spectra

Although there are some differences between the distributions of volatile SOA pho-
todegradation products (Table 2), the wavelength dependence of the overall pho-10

todegradation rate appears to be remarkably insensitive to the concentrations of ozone
and limonene used in SOA preparation. Figure 8 demonstrates that the action spectra
observed under the conditions of high, intermediate, and low reactant concentrations
are identical within the experimental uncertainties. Furthermore, all action spectra
have the same shape as the absorption spectrum of a freshly-prepared limonene SOA15

material, which is also known to have insignificant dependence on the reactants’ con-
centrations (Mang et al., 2008).

To understand the origins of the low degree of sensitivity of the photochemical prop-
erties of limonene SOA material to the concentrations of reactants, we have to consider
the mechanism of limonene oxidation by ozone. The first step in this process is con-20

certed cycloaddition of ozone to the endocyclic double bond in limonene (Zhang et al.,
2006; Donahue et al., 2007; Johnson and Marston, 2008). This splits the limonene’s
cyclohexene ring and produces two highly reactive Criegee Intermediates (CI∗), which
can isomerize into stable products, for example limononic acid or 7OH-limonaldehyde,
decompose by expelling OH or O-atom, or react with H-donors such as alcohols or25

carboxylic acids to form organic peroxides (Fig. 11). Subsequent cross-reactions be-
tween alkylperoxy (RO2) by-products of the CI∗ decomposition give rise a number of
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additional stable and free radical species:

RO2 + RO2 → alcohol + carbonyl + O2 (R1)

→ RO + RO + O2 (R2)

RO2 + HO2 → ROOH + O2 (R3)

Decomposition, isomerization, and H-abstraction reactions involving alkoxy radicals5

(RO) lead to a “product explosion”, with hundreds of chemically distinct species con-
densing in the limonene SOA matrix (Walser et al., 2008). To complicate the matters,
the first generation products undergo further oxidation and cross-reactions after con-
densing in the particle phase.

Detailed kinetic modeling of this chemistry is challenging, but we can get some in-10

sight into the mechanism from the simplified kinetic model presented in Table 3. This
model assumes that the majority of CI∗ species undergo OH-loss (∼60%), with the re-
sulting free radical being instantaneously converted into an alkylperoxy species (Reac-
tion 1a). A significant fraction (∼20%) of CI∗ is collisionally stabilized (Reaction 1b); the
remaining (∼20%) CI∗ isomerizes into first generation products grouped into category15

“P1” (Reaction 1c). These branching ratios are consistent with the commonly assumed
yields of OH and SCI in the ozonolysis of monoterpenes (Johnson and Marston, 2008;
Leungsakul et al., 2005a). Similar to the approach of (Leungsakul et al., 2005b) and
(Li et al., 2007), all RO2 species are lumped together in this model in order to make it
kinetically tractable. The chosen rate constant and branching ratios for the RO2 cross-20

reactions (2a and b) are appropriate for large secondary RO2 species with additional
oxygen atoms in the chains attached to the -COO group (Finlayson-Pitts and Pitts,
2000). The alcohols and carbonyls formed by the RO2 cross-reactions are grouped
into product category “P2”. The RO species, which are also lumped together, are as-
sumed to be capable of efficient isomerization by H-shift, with subsequent O2 attach-25

ment regenerating RO2 (Reaction 3). More detailed examples of these isomerization
reactions can be found in (Walser et al., 2008). Reaction 4 between RO and O2 offers a
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pathway to HO2 and generates additional products in the P2 category. Additional RO2
species can be generated from Reaction (5) of OH with limonene or with any of the
stable products occurring with near gas-kinetic rates. HO2 can also be produced from
Reaction (6) between OH and O3 (Nizkorodov et al., 2000). Reactions of type (7) be-
tween RO2 and HO2 radicals are known to be fast and they generally produce organic5

peroxides (Finlayson-Pitts and Pitts, 2000), which are lumped together under “P3” cat-
egory. Finally, the stabilized Criegee Intermediate (SCI) is assumed to undergo a slow
Reaction (8) with products P1-P3 forming alkoxyhydroperoxides (Fig. 11), which are
lumped into product group “P4”. Several termination (9, 10, 12, 13) and propagation
(11) reactions are also included in the mechanism to prevent an unrealistic build-up of10

free radicals.
We can make approximate associations between the groups P1-P4 and actual chem-

ical functional groups in the product molecules. P1-type products are likely to contain
either two carbonyls or one carbonyl and one carboxyl functional group (see examples
in Fig. 11). The first carbonyl functional group comes from the initial splitting of the en-15

docyclic double bond, whereas the second functional group results from the unimolec-
ular isomerization of CI∗. P2-type products are likely to contain at least two carbonyls
or one carbonyl and one hydroxyl functional groups because RO2 cross reactions are
known to result in an alcohol/carbonyl pair (Finlayson-Pitts and Pitts, 2000). P3-type
products are expected to be dominated by organic peroxides ROOH. Alkoxyhydroper-20

oxidic P4-type products have dimeric structures R1R′
1C(OOH)OR2 in a sense that they

contain leftovers of two limonene molecules; efficient formation of such dimers have
been observed by (Heaton et al., 2007) and (Tolocka et al., 2006) during early stages
of α-pinene ozonolysis. In addition to the -OO- peroxy group, both P3 and P4 should
contain carbonyl function groups from the initial splitting of the endocyclic double bond.25

Kinetic simulations of this simplified mechanism with the initial concentrations of
ozone and limonene from Table 1 resulted in the product distribution shown in Fig. 12.
Despite the fact that ozone and limonene concentrations change by 2–3 orders of
magnitude in our experiments, the final distribution appears to be dominated by the P2
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products from RO2+RO2 reactions in all cases. In the high and intermediate cases,
the yield of P2 products is close to the initial yield of OH (and RO2) in the CI∗ decom-
position. In the low case, the loss of RO2, HO2 and SCI by Reaction (13) starts to
compete with formation of products P2-P4, and the yield of direct CI∗ isomerization
products P1 increases. According to this model, only P1-type products should remain5

in the low concentration limit; all four types of products should be present in the high
concentration limit.

We believe that our experimental conditions correspond to the high concentration
regime, wherein the majority of products are generated via the RO2 cross-reactions
(2). This assumption is supported by: (i) the strikingly large number of peaks in the10

high-resolution limonene SOA mass spectrum attributed to RO chemistry (Walser et
al., 2008); (ii) the insensitivity of the high-resolution SOA mass spectrum to ozone con-
centration (Walser et al., 2008); (iii) the lack of dependence of the observed action
spectra of limonene SOA material on the reactant concentrations. With the expected
order of product yields (P2>P1∼P3∼P4), the carbonyl group should be the most im-15

portant functional group with photochemical activity in the actinic region of the solar
spectrum. The fraction of oxygen sitting in the -OO- peroxy groups should also be
significant. As discussed in (Mang et al., 2008) the absorption spectrum of limonene
SOA material in the vicinity of 300 nm can indeed be modeled as a composition of
overlapping n→π∗ bands of carbonyls and n→σ∗ bands of peroxides.20

4.3 Effect of reactant concentrations on the photodegradation products

The distribution of gaseous products of limonene SOA photodegradation does depend
on the concentrations of reactants used in the SOA synthesis (Table 2). The degree of
oxidation in the observed products appears to increase at higher ozone concentrations.
For example, CH3C(O)OH and CH3C(O)H represent the most easily detectable pho-25

toproducts under the “high” and “low” conditions, respectively. This behavior can be
linked to the chemistry of the less reactive exocyclic double bond in limonene. While
it is likely to survive the initial attack by ozone, it may still be oxidized by the excess
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ozone after the first generation products P1-P2 condense in the aerosol phase (Ng et
al., 2006). SOA prepared under low concentration conditions still contains a number of
molecules with intact exocyclic double bounds (Leungsakul et al., 2005b; Walser et al.,
2008). For example, peaks at 169 m/z and 185 m/z in the SOA thermal desorption
mass spectrum (Fig. 5) likely correspond to protonated limononaldehyde and limononic5

acid, respectively, both of which still have this double bond. As the ozone concentration
increases, the peaks at 169 and 185 m/z become smaller, whereas peaks at 171 and
187 m/z grow in as a result of Reaction (R4):

>C=CH2 + O3 →> C=O + CH2OO (∆m/z= + 2) (R4)

CH2OO + RC(O)OH → HOOCH2OC(O)R (R5)10

Reaction (R5) corresponds to scavenging of the Criegee intermediate CH2OO by car-
boxylic acid groups within the SOA matrix (Gomez et al., 2006). The increase in the
oxygen content of SOA caused by these and other oxidative processes is expected to
increase on average the oxygen content in the SOA photodegradation products.

4.4 Atmospheric relevance15

Several recent aerosol chamber studies underscored the importance of measuring
SOA yields and characterizing SOA chemical composition at low loadings of or-
ganic material (Presto and Donahue, 2006; Shilling et al., 2008; Pathak et al.,
2007) and with careful control of NOx levels (Donahue et al., 2005; Presto et
al., 2005; Jaoui et al., 2006; Zhang et al., 2006; Yu et al., 2008). Although20

the lowest concentrations of reactants used in this study approach typical atmo-
spheric values, the SOA formation still appears to be dominated by the RO2+RO2
and RO2+HO2 reactions under our NOx-free conditions. In a more realistic atmo-
spheric environment, RO2 radicals will instead react with atmospheric NO when both
(kRO2+NO×[NO])/(kRO2+HO2

×[HO2]) and (kRO2+NO×[NO])/(kRO2+RO2
×[RO2]) exceed 1.25

With representative rate constants, kRO2+NO∼10−11 cm3 molec−1 s−1, kRO2+RO2
∼10−13
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cm3 molec−1 s−1, kRO2+HO2
∼10−11 cm3 molec−1 s−1 (Atkinson and Arey, 2003b), and

with typical peak concentrations in remote areas, [HO2+RO2]=108−109 molec cm−3,
[NO]=108−1010 molec cm−3 (Finlayson-Pitts and Pitts, 2000), the involvement of NO
can be ignored only under unusually clean atmospheric conditions. Furthermore,
ozone is not the only oxidant responsible for oxidation of terpenes; OH and NO3 also5

make a significant contribution (Atkinson and Arey, 2003b). This brings up the fol-
lowing question: do the photodegradation processes observed in this study bear any
relevance to the photochemical processes occurring in realistic organic aerosols?

We argue that the mechanism of photodegradation of SOA prepared in a NOx-free
environment will be similar to that for SOA prepared by oxidation of terpenes in the10

presence of NO. The RO2+NO reaction generates RO radical, which eventually be-
comes a carbonyl species that is similar or even identical to the carbonyls produced by
the RO2+RO2 reactions. For the large RO2 species generated by monoterpene ozonol-
ysis, the yield of organic nitrates RONO2 produced by the RO2+NO reaction can be
substantial (∼25%) but the -ONO2 group is characterized by low absorption cross sec-15

tions at λ>300 nm, the actinic wavelengths capable of reaching the lower troposphere
(Ungnade and Smiley, 1956; Clemitshaw et al., 1997; Talukdar et al., 1997; Zhu and
Kellis, 1997). The OH-initiated oxidation of terpenes will give a different distribution
of SOA constituents, with a considerably reduced fraction of peroxides amongst the
final products compared to the ozone-initiated case. However, carbonyl products are20

expected to be just as important in photochemically produced SOA as in SOA derived
from the ozone+olefin chemistry. We conclude that photodegradation processes tak-
ing place in our “idealized” limonene SOA material should be representative of realistic
biogenic SOA as long as carbonyl functional groups remain the dominant absorbers in
the actinic range of the tropospheric solar radiation.25
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Table 1. Typical conditions used for SOA preparation and collection. Note that ozone is always
added in excess relative to limonene (L).

Case High Intermediate Low

Initial ozone mixing ratio (ppm) 300 1.0 0.10
Reactant added L L 1:19 L:cyclohexane
Volume added (µL) 5 1 2
Chamber volume (L) 220 360 360
Initial limonene mixing ratio (ppm) 3.4 0.41 0.021
Particles collected for (min)∗ 3 10 30
Flow through the filter (SLM) 2 1.5 2

∗ In all cases, particle collection commenced 30 min after the addition of the organic reactant.
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Table 2. Observed m/z values and proposed assignments of major peaks in CIMS spectra
of limonene SOA photodegradation products. n/o=not observed. Major unidentified peaks
included 141, 143, 157, 169, and 197 m/z. The last three columns list relative abundances
of these products calculated under the assumption of equal CIMS sensitivity (mixing ratios of
ozone used for SOA preparation are given in parenthesis).

Photoproduct MH+ MH+·H2O MH+·(H2O)2 MH+·(H2O)3 MH+·(H2O)4 M2H+ M2H+·H2O Yield Yield Yield
(0.1 ppm) (1 ppm) (300 ppm)

CH3OH n/o 51 69 87 105 n/o n/o 0.37–0.44 0.30–0.35 0.20–0.30
HC(O)OH 47 65 83 101 119 n/o n/o 0.024–0.067 0.09–0.13 0.36–0.7
CH3C(O)H 45 63 81 99 117 89 107 1 1 1
CH3C(O)OH 61 79 97 115 133 n/o n/o 0.027–0.05 0.20–0.45 2.2–3.8
CH3C(O)CH∗

3 59 77 95 113 131 117 135 0.40–0.51 0.52–0.67 0.41–0.51

∗ Could also be assigned to propanal, CH3CH2C(O)H.
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Table 3. Simplified kinetic mechanism of limonene ozonolysis. L=limonene. Product groups
P1, P2, P3, and P4 refer to stable products of CI∗ isomerization, RO2+RO2 reactions, RO2+HO2
reactions, and reactions of Stabilized Criegee Intermediate (SCI) with H-donors, respectively.
Rate constant units are s−1 and cm3 molec−1 s−1 for unimolecular and bimolecular reactions,
respectively. For reactions with multiple product channels, the rate constants refer to the overall
reaction. Rates and branching ratios are taken or estimated from (Atkinson and Arey, 2003b;
Johnson and Marston, 2008; Leungsakul et al., 2005b; Finlayson-Pitts and Pitts, 2000; Sander
et al., 2006).

Reaction Rate constant Yield

1a O3+L→CI∗ (+O2)→RO2+OH (decomposition) 2×10−16 0.6
1b O3+L→CI∗→SCI (collisional stabilization) 2×10−16 0.2
1c O3+L→CI∗→P1 (isomerization) 2×10−16 0.2
2a RO2+RO2→P2+P2+O2 (stable products) 1×10−13 0.5
2b RO2+RO2→RO+RO+O2 (alkoxy channel) 1×10−13 0.5
3 RO→isomerization (+O2)→RO2 1×105

4 RO+O2→P2+HO2 8×10−15

5 OH+L, P1, P2, P3 or P4 (+O2)→RO2 5×10−11

6 OH+O3→HO2+O2 7.3×10−14

7 HO2+RO2→P3 1×10−11

8 SCI+P1, P2 or P3 →P4 1×10−14

9 OH+HO2→H2O+O2 1.1×10−10

10 HO2+HO2→H2O2+O2 1.9×10−12

11 HO2+O3→OH+2O2 1.9×10−15

12 OH→wall loss 1×10−1

13 HO2, RO2 or SCI→wall loss 5×10−3
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Figures 

Fig. 1. Concentrations of particles and ozone in the chamber during a typical SOA synthesis.  
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Fig. 1. Concentrations of particles and ozone in the chamber during a typical SOA synthesis.
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Figure 2. Schematic diagram of the CIMS instrument constructed for this work. An SOA filter sample 

is irradiated with tunable UV/vis radiation. Gaseous SOA photodegradation products are ionized by 

reactions with protonated water clusters produced in a 63Ni souce. Key: a, b, c, d = 50, 100, 270, 500 

μm pinholes, respectively; QMS = quadrupole mass spectrometer; MFC = mass flow controller; ⊗ = 

shut-off valve. 
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Fig. 2. Schematic diagram of the CIMS instrument constructed for this work. An SOA filter
sample is irradiated with tunable UV/vis radiation. Gaseous SOA photodegradation products
are ionized by reactions with protonated water clusters produced in a 63Ni souce. Key: a,
b, c, d=50, 100, 270, 500µm pinholes, respectively; QMS=quadrupole mass spectrometer;
MFC=mass flow controller; ⊗=shut-off valve.
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Figure 3. Sample CIMS calibration using 13C-labeled acetone (Ac). Squares: sum of H+(H2O)n ion 

counts. Triangles: sum of ion counts corresponding to AcH+, AcH+⋅H2O, AcH+⋅(H2O)2, and 

AcH+⋅(H2O)3. The estimated detection limit for Ac (signal = 3σnoise) is 0.01 ppb.  
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Fig. 3. Sample CIMS calibration using 13C-labeled acetone (Ac). Squares: sum of H+(H2O)n
ion counts. Triangles: sum of ion counts corresponding to AcH+, AcH+·H2O, AcH+·(H2O)2, and
AcH+·(H2O)3. The estimated detection limit for Ac (signal=3σnoise) is 0.01 ppb.
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Figure 4. Representative CIMS spectra of limonene photodegradation products observed after 

exposure of SOA samples to 290 nm radiation for the specified periods of time. Background spectra 

were taken immediately before the exposure. Data are presented for SOA prepared with (a) 300 ppm 

O3; (b) 1 ppm O3; (c) 100 ppb O3 under the conditions specified in Table 1. The spectra are offset for 

clarity. 

28 

Fig. 4. Representative CIMS spectra of limonene photodegradation products observed after exposure of SOA sam-
ples to 290 nm radiation for the specified periods of time. Background spectra were taken immediately before the
exposure. Data are presented for SOA prepared with (a) 300 ppm O3; (b) 1 ppm O3; (c) 100 ppb O3 under the condi-
tions specified in Table 1. The spectra are offset for clarity.
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Figure 5. Thermal desorption – CIMS spectra of SOA prepared under intermediate (1.0 ppm) and 

high (300 ppm) ozone concentrations.  
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Fig. 5. Thermal desorption – CIMS spectra of SOA prepared under intermediate (1.0 ppm) and
high (300 ppm) ozone concentrations.
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Figure 6. Representative CIMS spectra of limonene photodegradation products at several selected 

irradiation wavelengths. All spectra were taken after 30 min of irradiation. The spectra are offset for 

clarity. 
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Fig. 6. Representative CIMS spectra of limonene photodegradation products at several se-
lected irradiation wavelengths. All spectra were taken after 30 min of irradiation. The spectra
are offset for clarity.
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Figure 7. Time dependence of the combined product ion signal between 50-400 m/z at several 

irradiation wavelengths. A separate SOA filter was used for each wavelength. It took about 5-20 

minutes for the signal to reach a steady state level after starting the irradiation. 
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Fig. 7. Time dependence of the combined product ion signal between 50–400 m/z at several
irradiation wavelengths. A separate SOA filter was used for each wavelength. It took about
5–20 min for the signal to reach a steady state level after starting the irradiation.
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Figure 8. Comparison between the absorption spectrum (solid line) and action spectra (symbols) of 

limonene SOA. The action spectra represent values of ( )normalized
totalY λ  defined in Eq. (5), measured by 

the CIMS instrument after 50 min of irradiation. Different symbols correspond to different initial 

ozone mixing ratios used in the SOA synthesis.  
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Fig. 8. Comparison between the absorption spectrum (solid line) and action spectra (sym-
bols) of limonene SOA. The action spectra represent values of Y normalized

total (λ) defined in Eq. (5),
measured by the CIMS instrument after 50 min of irradiation. Different symbols correspond to
different initial ozone mixing ratios used in the SOA synthesis.
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Figure 9. Dependence of the total photodegradation product yield at 310 nm, Ytotal(310 nm), on the 

age of the limonene SOA sample. As the SOA material ages/volatilizes the relative product yield is 

reduced. 
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Fig. 9. Dependence of the total photodegradation product yield at 310 nm, Ytotal(310 nm), on
the age of the limonene SOA sample. As the SOA material ages/volatilizes the relative product
yield is reduced.
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Figure 10. Comparison of HC(O)OH action spectra recorded with the CIMS instrument and with the 

CRDS instrument for SOA prepared under high concentration conditions. 
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Fig. 10. Comparison of HC(O)OH action spectra recorded with the CIMS instrument and with
the CRDS instrument for SOA prepared under high concentration conditions.
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Figure 11. Schematic diagram of initial chemical processes in limonene ozonolysis. Important free 

radical species are shown in red. Symbols inside the structures refer the abbreviations used in text and 

in Table 3.  Note to editors: this figure should be printed in color. 
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Fig. 11. Schematic diagram of initial chemical processes in limonene ozonolysis. Important
free radical species are shown in red. Symbols inside the structures refer the abbreviations
used in text and in Table 3.
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Figure 12. Distribution of products P1-P4 resulting from kinetic simulations of mechanism in Table 2 

using the initial ozone and limonene concentrations listed in Table 1.  
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Fig. 12. Distribution of products P1-P4 resulting from kinetic simulations of mechanism in
Table 2 using the initial ozone and limonene concentrations listed in Table 1.
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