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The formation of secondary organic aerosol (SOA) by
reaction of ozone with monoterpenes (â-pinene, ∆3-carene,
limonene, and sabinene) was studied on a short time
scale of 3-22 s with a flow tube reactor. Online chemical
analysis was performed with the Photoionization Aerosol
Mass Spectrometer (PIAMS) to obtain molecular composition
and the Nanoaerosol Mass Spectrometer (NAMS) to
obtain elemental composition. Molecular composition data
showed that dimers and higher order oligomers are
formed within seconds after the onset of reaction, indicating
that there is no intrinsic kinetic barrier to oligomer
formation. Because oligomer formation is fast, it is unlikely
that a large number of steps are involved in their formation.
Therefore, ion distributions in the PIAMS spectra were
interpreted through reactions of intermediates postulated
in previous studies with monomer end products or other
intermediates. Based on ion signal intensities in the
mass spectra, organic peroxides appear to comprise a
greater fraction of the aerosol than secondary ozonides.
This conclusion is supported by elemental composition data
from NAMS that gave C:O ratios in the 2.2-2.7 range.

Introduction
The formation of secondary organic aerosol (SOA) from
volatile organic compounds (VOC) in the atmosphere is
important owing to potential impacts on human health and
global climate (1, 2). Current models underestimate the
production of SOA by as much as 1-2 orders of magnitude,
highlighting the need to better understand the chemical and
physical processes involved (3-5). A main contributor to
SOA is the oxidation of biogenic VOC such as monoterpenes
to generate products that have lower vapor pressures than
the precursor molecules (6). In this work, SOA formation by
reaction of monoterpenes with ozone is considered. The
initial steps of ozonolysis are well understood in which ozone
adds across the double bond to form a primary ozonide,
which then decomposes into the excited Criegee intermediate
(7). The excited Criegee intermediate can follow either the
Stabilized Criegee Intermediate (SCI) Channel or the Hy-
droperoxy (HP) Channel to generate SOA (8). In the SCI
channel, the excited Criegee intermediate is thermally
stabilized through collisions with air. In the HP channel, the
excited Criegee intermediate isomerizes to a hydroperoxide.
Figure 1 shows the two pathways (R1 and R2) for â-pinene
ozonolysis and examples of stable molecule end products.

SOA is produced when gas-particle partitioning of the
products favors the particle phase. Efficient partitioning

requires a vapor pressure on the order of 10-5 Torr depending
on experimental conditions. New particle formation requires
a much lower vapor pressure because the aerosol mass
concentration and particle diameter are small at the onset
of SOA production. Partitioning to the particle phase scales
with aerosol mass, while the radius of curvature (Kelvin effect)
strongly influences vapor pressure in the nanoparticle size
range. For monoterpene ozonolysis, it was originally sug-
gested that dicarboxylic acids, such as cis-pinic acid produced
in R- and â-pinene ozonolysis, are precursors to particle
nucleation since they are relatively nonvolatile (9, 10). While
these compounds have low enough vapor pressures to
partition to an existing particle phase, it has been argued
that the vapor pressures are still too high to form new particles
(11, 12). Dimers formed between an intermediate, such as
a hydroperoxide or the stabilized Criegee intermediate, and
a second species (either a stable molecule end product or
another intermediate) seem to be better candidates for
nucleating precursors (12, 13).

Dimers and higher molecular weight oligomers, often
referred to as humiclike substances (HULIS) because of their
similar chemical properties, have been detected in laboratory
generated SOA from monoterpenes (12, 14-33). In these
experiments, oligomers are found in the particle phase within
about an hour after the onset of reaction. This time period
is the shortest that can be accessed easily by the offline
analytical techniques used for oligomer characterization. As
the reaction time increases, the molecular weight distribution
of oligomers does not increase substantially, but chemical
aging is evident (33). Over a time period of 10+ h, infrared
and mass spectrometry measurements show that the oxidized
functional group content increases; volatility tandem dif-
ferential mobility analyzer measurements show that the
oligomer mass fraction increases, while the absolute mass
of SOA does not (33-36). These observations suggest that
oligomer transformation reactions associated with chemical
aging over a period of hours may be different from oligomer
formation reactions over a shorter time period during the
early stage of SOA growth.

Recently, our group has used a photoionization aerosol
mass spectrometer (PIAMS) to perform online oligomer
analysis of SOA from R-pinene ozonolysis (15). Online analysis
allows shorter time periods to be studied than offline
techniques. There has been some discussion about whether
the SCI or the HP channel dominates the initial stage of
particle formation (12, 16, 37). Our previous work with
R-pinene provides evidence for both channels, although the
relative importance of each is not known (15). Here we extend
this work to include SOA formed by ozonolysis of other
monoterpenes including â-pinene, ∆3-carene, limonene, and
sabinene. The results provide additional insight into the early
stage of reaction.

Experimental Section
Flow Tube Reactor. The flow tube reactor used in these
experiments has been described previously (15, 38). Mono-
terpene vapor was created by passing clean, dry air (RH<5%)
over the monoterpene liquid. It was then introduced into a
concentric flow tube reactor through a central injector. Ozone
was generated and analyzed using a Model 49C O3 Analyzer
(Thermo Electron Corp.) and then introduced into the reactor
through the outer tube. The ozone and the monoterpene
vapor were mixed under laminar flow conditions. The length
of the reaction chamber could be altered to allow the reaction
to occur from a minimum of 3 s to a maximum of 22 s. Table
1 summarizes the experimental conditions. For â-pinene,
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the minimum reaction time had to be increased to 8 s due
to the lack of particle formation at an earlier time. This is not
unexpected as the ozonolysis reaction rate for â-pinene is
lower than that of the other monoterpenes (8). As shown in
Table 1, increasing the reaction time increased the mean
particle diameter, number concentration, and mass con-
centration.

Direct analysis of the monoterpene vapors could not be
done with our experimental setup; therefore, the initial
concentration of each monoterpene was estimated from
previously determined vapor pressures at 25 °C (39) assuming
that a saturated vapor was produced. However, this condition
is unlikely, and the monoterpene concentrations in Table 1
represent upper limits. The true concentrations are likely to
be one-half to one-third of these values based on previous
work by Lee and Kamens with R-pinene (12).

Analysis. Online analysis was performed with two aerosol
mass spectrometers and a scanning mobility particle sizer
(SMPS). Molecular species in the particles were characterized
with a photoionization aerosol mass spectrometer (PIAMS)
(15, 40). With this instrument, particles were sampled through
an aerodynamic lens that was designed to efficiently transmit
particles with a diameter of 30-500 nm. Particles entered
the source region of the mass spectrometer where they were
collected on a cold probe. The collected sample was then
flash desorbed with a series of infrared laser pulses, and the
plume from each desorption pulse was softly ionized with
coherent vacuum ultraviolet radiation from a second laser
pulse. The ions from each infrared-vuv pulse sequence were
mass analyzed by time-of-flight. In these experiments, each
sample was collected for 10 min before analysis, and the
results from 10 samples were averaged to obtain the reported
mass spectra.

The elemental compositions of individual particles were
obtained with a nanoaerosol aerosol mass spectrometer
(NAMS) (15, 41, 42). With this instrument, particles were

transmitted into the source region through a combination
of aerodynamic and electrodynamic focusing. Particles were
then ablated by a high-energy laser pulse to produce positively
charged atomic ions, which were analyzed by time-of-flight.
Each of the reported spectra represents the average of 50
single particle spectra.

Particle number concentrations, mass concentrations, and
size distributions were obtained with a nano SMPS (TSI, Inc.,
St. Paul, MN). Particles between 4 and 150 nm were analyzed
with a 120 s scanning time and a 15 s retrace period. Since
size distribution data could not be obtained at the same time
as a mass spectrum was being acquired, size distribution
measurements were acquired before and after mass spectral
analysis and were repeated at least five times to ensure
reproducibility.

Chemicals. All chemicals used were the purest that were
commercially available. Sabinene was purchased from
Chromadex, Inc. (Santa Ana, CA), d-limonene was purchased
from Fisher Scientific, Inc., and all other chemicals were
purchased from Sigma-Aldrich (Milwaukee, WI).

Results and Discussion
The reaction conditions given in Table 1 were chosen to
produce SOA on a very short time scale with sufficient mass
concentration, stability, and reproducibility for analysis.
Although the concentrations exceeded atmospheric levels,
they provided the ability to study oligomer formation on the
time scale of less than a minute to determine whether or not
a kinetic barrier exists to formation. In contrast, other studies
of oligomer formation typically have required time scales on
the order of hours (9, 14, 16, 18-24, 27, 28, 30-32). Ozone
was the limiting reactant in this experiment. Based on
previously determined rate constants for reaction with
monoterpenes (8), the amount of ozone consumed ranged
from 15 to 50% for the shorter time periods to 70% or greater
for the longer time periods.

The PIAMS spectra obtained in this study show similar
features to the spectra in our previous work of SOA produced
from R-pinene ozonolysis (15). The high m/z range, above
about 290 m/z, shows ions corresponding to dimers and
higher order oligomers. The mid m/z range, from about 150
to 200 m/z, shows ions corresponding to monomers. Figure
2 shows the high and mid m/z ranges of the PIAMS spectra
for â-pinene, ∆3-carene, limonene, and sabinene for a
reaction time of 22 s. The high m/z regions show a progression
of peaks separated by 14-16 Daltons, which is typical of
oligomer mass spectra taken in longer time frame experi-
ments. As will be discussed later, the molecular masses of
expected dimer products extend only to about 400 m/z
depending on the specific monoterpene precursor. Since ions
are observed in several cases above this m/z, it is likely that

FIGURE 1. Reactions of â-pinene with ozone through the SCI channel (R1) and the HP channel (R2). Examples of monomer end products
are shown for each.

TABLE 1. Summary of Experimental Conditionsa

monoterpene
time
(s)

monoterpene
concn (ppm)b

dm
c

(nm) σg

no. concn
(#/cm3)

mass concn
(µg/m3)

â-pinene 8 55 21 1.4 6.09E+06 43
22 29 1.3 6.08E+06 106

∆3-carene 3 47 24 1.3 6.86E+06 51
22 41 1.3 6.71E+06 302

limonene 3 41 23 1.4 6.75E+06 58
22 46 1.3 8.08E+06 561

sabinene 3 72 19 1.4 6.56E+06 35
22 42 1.3 6.71E+06 336

a Ozone concentration was 1 ppm. b Monoterpene concentration was
based on a saturated vapor; true concentrations are likely to be a half
to a third of these values. c dm is the mobility diameter.
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higher order oligomers are also being produced. Although
PIAMS is able to confirm the presence of oligomers, extensive
fragmentation precludes a determination of the molecular
size distribution. The mid m/z region is 50-100 times more
intense than the high m/z region, and the distribution of
ions in the mid m/z region is similar (though not identical)
for different monoterpene precursors.

Because oligomers appear very quickly after the onset of
reaction, the number of steps involved in their formation is

likely to be small. For this reason, we have interpreted the
spectra in Figure 2 through reactions of an intermediate,
either the SCI or a hydroperoxide, to produce a dimer or
higher order oligomer. The intermediate could react with a
monomer end product known to be produced by ozonolysis
or with another intermediate. Dimers of this type previously
have been suggested as the nucleating agents for SOA particle
formation (12, 15, 16). Figure 3 illustrates some possible
pathways for â-pinene based on this approach.

FIGURE 2. PIAMS spectra of SOA formed by monoterpene ozonolysis. Parts a-d show the high m/z region associated with oligomers
(m/z 290-440), and parts e-h show the mid m/z region associated with monomers (m/z 125-225).
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R1 in Figure 3 shows the example of a hydroperoxide
reacting with a monomer end product that contains a
carbonyl group (2,2-dimethylcyclobutyl-1,3-diethanal) to
form a peroxyhemiacetal. R2 and R3 show examples of the
SCI reacting with monomer end products that contains an
aldehyde (pinalic-3-acid in R2) or a carboxylic acid (pinic
acid in R3) to produce a secondary ozonide or peroxide ester,
respectively. R4 in Figure 3 shows an example of two
intermediates reacting, in this case the SCI and a hydro-
peroxide containing a carbonyl to produce a secondary
ozonide. R1-R4 illustrate dimer formation routes. Higher
order oligomers may also form if an intermediate reacts with
a dimer, which is illustrated by R5 in Figure 3 for the reaction
of the SCI with a secondary ozonide. Based on reactions of
these types, possible sources for the prominent ions in the
PIAMS spectra were postulated for each monoterpene.

The most prominent ions in the mid and high m/z regions
of Figure 2 have an odd number m/z , suggesting that they
are formed by fragmentation of larger ions from the molecular
reaction products. For this reason, plausible fragmentation
pathways of the products must be considered. Organic
peroxides and peroxide esters may break in the middle of
the molecule to produce ions in the mid m/z region, as shown
in R1 and R3 of Figure 3 or in the high m/z region as shown

in R4. Products containing carbonyl, aldehyde, or hydroxy-
peroxide groups may fragment by the loss of a low mass
species, and several examples are shown in R3. Typical losses
include 17 (OH), 18 (H2O), 29 (HCO), 33 (OOH), 45 (COOH),
and combinations thereof.

High m/z Region. Possible dimers that could be formed
during â-pinene ozonolysis are summarized for reactions of
intermediates with monomer end products (Table 2) or
intermediates with other intermediates (Table 3). Similar
tables are given for the other monoterpenes in the Supporting
Information. The intermediates include the SCI, hydroper-
oxides from reactions that were proposed previously for R-
and â-pinene (10, 16), and the hydroperoxide formed by
addition of water to the SCI (the MW 172 intermediate in
Tables 2 and 3). The monomer end products in these tables
were identified in previous studies of monoterpene ozonolysis
(17, 19, 26, 30). For each dimer combination, the expected
fragment ions are determined as described in the previous
paragraph and illustrated in Figure 3. If an expected fragment
ion of the dimer matches an ion in the high m/z region of
the mass spectrum (Figure 2), then an “x” is entered in its
position in the table. As illustrated in Tables 2 and 3 for
â-pinene, most dimer combinations can be mapped to at
least one ion observed in the mass spectrum.

FIGURE 3. Examples of dimer formation reactions. R1-R3 show reactions of an intermediate with a monomer end product. R4 shows a
reaction of two intermediates. R5 shows formation of a trimer. The dotted lines indicate possible fragmentation pathways during vaporization
and ionization that could lead to ions observed in the PIAMS spectra.
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Table 4 lists prominent ions in the high m/z region for
each precursor. Also shown are possible reaction pathways
through the SCI and HP channels that could lead to products
consistent with these m/z values. In most cases, products
from both channels can be mapped to a particular m/z in

the spectrum. In a few cases, only one of the two channels
can be mapped, and sometimes neither channel can be
mapped to a particular m/z. The picture that emerges from
this analysis is that neither the SCI nor the HP channel can
be excluded as a possible source of SOA. Most ions above

TABLE 2. Possible Dimer Products from â-Pinene Ozonolysis That Are Formed by the Reaction of an Intermediate (Ordinate) with
a Monomer End Product (Abscissa)a,b

a An ‘X’ indicates that the dimer can be mapped to one or more prominent ions in the high m/z region of the PIAMS spectrum. An empty space
indicates that no prominent ions could be mapped to the dimer product. b *This hydroperoxide is formed by reaction of the SCI with water. NR
) no reaction; a dimer cannot be formed from these monomers.

TABLE 3. Possible Dimer Products from â-Pinene Ozonolysis That Are Formed by the Reaction of Two Intermediatesa,b

a An ‘X’ indicates that the dimer can be mapped to one or more prominent ions in the high m/z region of the PIAMS spectrum. An empty space
indicates that no prominent ions could be mapped to the dimer product. b *This hydroperoxide is formed by reaction of the SCI with water. NR
) no reaction; a dimer cannot be formed from these monomers.
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400 m/z cannot be mapped to a dimer because the m/z
exceeds the molecular masses of all possible combinations.
In these cases, higher order oligomers are indicated.

Mid m/z Region. The mid m/z region is significantly more
intense than the high m/z region. Ions observed in this region
are similar to those reported by Docherty et al. using a thermal
desorption electron ionization method (16). This similarity
suggests that the chemical processes associated with SOA
formation in the Docherty experiments (smog chamber, lower
precursor concentrations) are similar to those associated with
this work (flow tube, higher precursor concentrations).
Fragment ions in this region can be mapped to both dimers
and monomers. The temperature dependence of thermal
desorption in the Docherty et al. experiments suggest that
both types of compounds are present (16). As illustrated in
Figure 3, dimers consisting of peroxyhemiacetals (R1) and
peroxide esters (R3) would be expected to give fragment ions
in the mid m/z region, while secondary ozonides (R2, R4)
would not unless the fragmentation arises from a higher order
oligomer (R5). It should be noted that R1 in Figure 3 is not
exclusively linked to the HP channel: it is possible that the
hydroperoxide produced by the addition of water to the SCI
reacts in this manner to produce a dimer. For example, the
hydroperoxide from the SCI of â-pinene (MW 172 interme-

diate in Tables 2 and 3) could react via R1 in Figure 3 to
produce a dimer that subsequently fragments to give an ion
at 155 m/z, which is the base peak in the â-pinene SOA
spectrum in Figure 2e.

The higher intensities of mid m/z ions relative to high
m/z ions suggest that most of the SOA is in the form of
oligomers from hydroperoxides rather than secondary ozo-
nides. This conclusion is supported by iodometric titrations
of monoterpene SOA by Docherty et al. showing that SOA
is composed primarily of organic peroxides (16).

Elemental Composition. Because significant fragmenta-
tion occurs when dimers and higher order oligomers are
vaporized and ionized, it is helpful to characterize the aerosol
by a different technique. In this study, online chemical
analysis was also performed with a nanoaerosol mass
spectrometer (NAMS) to give the elemental composition of
individual particles. In particular, the measured C:O atomic
ratios can be compared to the ratios expected for the various
dimer combinations. The mass spectra of monoterpene SOA
are similar to those reported previously for R-pinene (15),
consisting of multiply charged carbon and oxygen ions. The
relative intensities of these ions are combined to give the
C:O atomic ratio using the method described by Wang et al.
(41). The C:O ratios determined from these spectra are given
in Table 5. Also shown are the average C:O ratios expected
for three types of dimers: secondary ozonides produced from
reaction of the SCI with an aldehyde (R2 in Figure 3), dimers
containing an organic peroxide (R1, R3, R4 in Figure 3), and
dimers formed by the reaction of an intermediate with
another intermediate. These averages are determined only
from the dimer combinations mapped to prominent ions in
the high m/z regions, i.e., “x” entries in Tables 2 and 3. Note
that only the SCI channel contributes to secondary ozonide
formation, while both the SCI and HP channels can contribute
to organic peroxide formation.

Table 5 shows that the organic peroxide products have
C:O ratios significantly smaller than the secondary ozonide
products, and the dimers formed by reaction of two
intermediates have smaller C:O ratios than the complete set
of organic peroxide products. The measured C:O ratios are
smaller than all three types of products. Several conclusions
can be drawn from this table. First, organic peroxides,
particularly those that are formed by the reaction of two
intermediates, are more likely components of monoterpene
SOA than secondary ozonides since their C:O ratios are closer
to the measured values. Second, the measured C:O ratio is
somewhat dependent on monoterpene precursor. In par-
ticular, sabinene SOA has a larger C:O ratio than the others,
and this is reflected by higher predicted C:O ratios of the
dimer products. Third, the measured C:O ratios are uniformly
lower than those of all three types of dimers. The origin of
the additional oxygen is not known. It is possible that the
more oxygenated intermediates contribute most to SOA
formation and growth or that small molecules such as H2O

TABLE 4. Summary of Prominent Ions in the High m/z Region
of the PIAMS Spectra That Can Be Mapped to the HP or SCI
Channelsa

ions
detected HP SCI

ions
detected HP SCI

â-Pinene
291 x x 365
293 x 370 x x
295 x x 379
297 x x 393
305 x x 400 x
307 x x 402 x
309 x x 404 x
321 x x 407
323 x x 416
337 x x 418
339 x x 421
343 x 428
351 x x 430
354 x x 432

∆3-Carene
291 335 x x
293 337 x x
295 x 338 x x
305 x 351 x x
307 x 367 x x
309 x 379
323 x 386 x x

Limonene
293 x 365 x
295 x x 379 x
307 x x 393 x x
309 x x 400 x x
321 x x 407 x
323 x x 414 x
337 x x 430
351 x x

Sabinene
291 x x 355 x x
293 x 365
295 x x 379
305 x x 393
307 x x 402 x
309 x x 404 x
321 x x 407
323 x x 414
337 x x 416
339 x x 418
351 430
353 x x 432

a An ‘X’ indicates that the channel(s) give product(s) that can be
mapped to prominent ions in the PIAMS spectra.

TABLE 5. C:O Atomic Ratios of Monoterpene SOA

secondary
ozonide

productsa

organic
peroxides
productsb

intermediate
productsc

measured
with NAMS

â-pinene 3.5 3.0 2.6 2.2
∆3-carene 3.1 2.7 2.5 2.3
limonene 2.9 2.5 2.4 2.2
sabinene 3.6 3.2 3.0 2.7

a These values are the average of all dimer products mapped to the
PIAMS spectra that contain a secondary ozonide b These values are
the average of all dimer products mapped to the PIAMS spectra that
contain an organic peroxide, including both the SCI and HP channels
c These values are the average of all dimer products mapped to the
PIAMS spectra that are formed by the combination of two intermediates.
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or H2O2 may cocondense on the particles to decrease the
effective C:O ratio.

Oligomers in SOA Formation. Online mass spectrometry
provides direct evidence for dimer formation in SOA from
all monoterpenes studied here (â-pinene, ∆3-carene, li-
monene, and sabinene) and in our previous work (R-pinene)
(15). In most cases, formation of higher order oligomers is
also indicated. There appears to be no intrinsic kinetic barrier
to this process: dimers are detected within seconds after the
onset of reaction. Because dimer formation is fast, it is unlikely
that a large number of steps are involved in their formation.
Therefore, ion distributions in the PIAMS mass spectra were
interpreted through reactions of intermediates postulated
in previous studies with monomer end products or other
intermediates. Based on ion signal intensities in the mass
spectra, organic peroxides, particularly those formed by the
reaction of two intermediates, appear to comprise a greater
fraction of the aerosol than secondary ozonides. Currently,
the relative contributions of the SCI and HP channels to
organic peroxide formation cannot be determined. Measured
C:O ratios are also more consistent with organic peroxides
than secondary ozonides. However, the measured ratios are
smaller than the expected ratios based on likely dimer
combinations, suggesting the presence of additional reac-
tions.

Taken together, these results strongly implicate dimers
and perhaps higher order oligomers as key chemical com-
ponents in the early stage of biogenic SOA formation and
growth. Further elucidation of these reactions requires online
analytical methods that induce less fragmentation so that
molecular weight distributions and mass concentrations can
be determined.

The role of dimers in new particle formation and growth
is ultimately tied to vapor pressure. Several approaches have
been developed to estimate vapor pressures when experi-
mental measurements are unavailable (43-47). In this work,
the SPARC online calculator (http://sparc.chem.uga.edu/
sparc/) (44, 45) was used to estimate vapor pressures of several
of the dimer products that were postulated. The dimers
investigated included the largest and smallest molecular
weights and the largest and smallest calculated C:O ratios
from among the possible combinations. The dimer vapor
pressures were uniformly low: in each case a vapor pressure
below 1 × 10-8 Torr was calculated, which is thought to be
sufficient for new particle formation (48). Thus, the mass
concentration of SOA in the early stages of particle formation
and growth may be linked simply to the total concentration
of all dimers formed rather than to the concentrations of
specific monomer combinations.
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