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A flow-tube reactor was used to study the formation of
particles from R-pinene ozonation. Particle phase products
formed within the first 3-22 s of reaction were analyzed on-
line using a scanning mobility particle sizer and two
particle mass spectrometers. The first, a photoionization
aerosol mass spectrometer (PIAMS), was used to determine
the molecular composition of nascent particles between
30 and 50 nm in diameter. The second, a nano-aerosol mass
spectrometer (NAMS), was used to determine the
elemental composition of individual particles from 50 nm
to below 10 nm in diameter. Molecular composition
measurements with PIAMS confirm that both the stabilized
Criegee intermediate and hydroperoxide channels of
R-pinene ozonolysis are operative. However, these channels
alone cannot explain the high oxygen content of the
particles measured with NAMS. The carbon-to-oxygen
mole ratios of suspected nucleating agents are in the range
of 2.25-4.0, while the measured ratios are from 1.9 for 9
nm particles to 2.5 and 2.7 for 30 and 50 nm particles,
respectively. The large oxygen content may arise by co-
condensation of small oxygenated molecules such as water
or multistep reactions with ozone, water, or other species
that produce highly oxygenated macromolecules. In
either case, the increasing ratio with increasing particle
size suggests that the aerosol becomes less polar with time.

Introduction
In 1960, Went observed that the blue haze in forested areas
results from emitted biogenic species that form aerosols,
which efficiently scatter shorter wavelengths of light (1).
Particles that are formed from biogenic emissions provide
surfaces for heterogeneous reactions in the atmosphere and
influence the earth’s energy balance directly by scattering
radiation and indirectly by serving as cloud condensation
nuclei (2, 3). The reaction of biogenic monoterpenes such
as R-pinene with ozone gives a variety of multifunctional
oxygenated products. Of these, dicarboxylic acids such as
cis-pinonic acid or pinic acid have been suggested as the
primary building blocks for particles based on their low vapor
pressures (4). Indeed, nucleation events in remote, forested
areas of Finland have been shown to produce organic
particles whose constituents have similar butanol solubility

as these compounds (5). Nonetheless, it has been argued
that the physicochemical properties of these and other
primary products of R-pinene oxidation are insufficient for
new particle formation (6). For this reason, recent work in
our laboratory and elsewhere has focused on the formation
of oligomeric species that may assist the partitioning of
organic matter to the particle phase (7-16).

The two main reaction channels proposed for the forma-
tion of secondary organic aerosol from R-pinene ozonolysis
and some noteworthy primary products are shown in Figure
1. Thermally stabilized Criegee intermediates (SCIs) have
been proposed based on the reduction in particle formation
by scavenging these intermediates with water and other low
molecular weight compounds (9, 10, 17). It has been proposed
that new particle formation occurs through this channel by
the formation of low-volatility products such as secondary
ozonides from reaction of the SCI with an aldehyde, also
shown in Figure 1, or through the addition of acids across
the SCI forming the hydroperoxy ester (10). The formation
of low volatility species through the hydroperoxide channel
has been proposed based on the reduction in particle
formation by OH scavengers and chemical measurements
on collected aerosol, including iodometric titration and mass
spectrometry (11, 12). In this case, new particle formation
would likely occur through the formation of peroxidic
oligomers, which have been detected in laboratory experi-
ments (13-15) and have been suggested in modeling studies
(17). While peroxides can also be formed through the SCI
channel, it has been argued that the SCI channel is less likely
to contribute to new particle formation, because the SCI
should react primarily with water vapor under atmospheric
conditions (11, 18). Recent results show that increasing
relative humidity increases the aerosol number and mass
yield for a variety of biogenic species ozonations (19).

We report here chemical composition measurements of
particles in the 9-50 nm size range that are produced within
the first few seconds of reaction. Oligomeric species detected
in these particles confirm that both the stabilized Criegee
intermediate and hydroperoxide channels of R-pinene ozo-
nolysis are operative. However, these channels alone cannot
explain the high oxygen content of the particles, which
suggests that the mechanism of particle formation is more
complex than previously thought.

Experimental Section
Particle formation and growth was performed in a concentric
flow-tube reactor that is similar to one used previously for
heterogeneous kinetics (20). Ozone was generated and
analyzed with a commercial generator (Thermo Electron
Corporation, model 49C). R-Pinene vapor was produced by
passing a small air flow over the liquid and then diluting it
with additional air. Dry (RH < 5%), filtered air with a particle
number concentration below 20 cm-3 was used. The condi-
tions for the four specific experiments studied in this work
are given in Table 1. For most experiments, the ozone and
R-pinene flows were mixed under laminar flow conditions
(Re ) 150). After mixing, the ozone concentration was 1.0
ppm (measured in the absence of R-pinene in the apparatus).
The current experimental setup does not have the ability to
directly measure the R-pinene concentration. For this reason,
the R-pinene concentrations given in Table 1 are upper limits
based on the assumption that the vapor passing over the
liquid becomes saturated. It is likely that the true R-pinene
concentrations are one-half to one-third of their stated values.
The concentrations in Table 1 overlap the range studied in
other experiments, for example, ref 10. Two different flow-

* Corresponding author phone: (302)831-8014; fax: (302)831-
6335; e-mail: mvj@udel.edu.

† Current affiliation: Department of Chemistry, University of North
Carolina, Chapel Hill, North Carolina.

Environ. Sci. Technol. 2006, 40, 1843-1848

10.1021/es051926f CCC: $33.50  2006 American Chemical Society VOL. 40, NO. 6, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 1843
Published on Web 02/11/2006



tube lengths were used, giving residence times after mixing
of either 3 or 22 s (calculated from the volumetric flow rates
of the reactants into the tube).

The reactant concentrations used in this work (Table 1)
were chosen to generate particles over the size range of
interest (<10-50 nm diameter) while at the same time
providing sufficiently large and stable concentrations for
repeated measurements with the particle mass spectrom-
eters. The “30” and “50” nm experiments were performed
under the same reactant concentration and flow conditions,
differing only in the flow-tube length, i.e., reaction time. The
“43” nm experiment was performed under the same reactant
flow conditions and tube length as the “50” nm experiment,
except that the R-pinene concentration was lowered by an
order of magnitude. This lower concentration produced lower
number and mass concentrations of aerosol and a smaller
mean particle diameter, all presumably because the nucle-
ation and growth rates were slower. The experimental
conditions in the “22” nm experiment were studied because
they gave a sufficient number concentration in the 9 nm
diameter range to permit single-particle measurements with
electrodynamic focusing (see below). For this experiment
only, the linear velocities of the R-pinene and ozone flows
were not matched (30% difference), which may have resulted
in nonlaminar flow due to Kelvin-Helmoltz instabilities in
the reaction tube. Turbulence in the flow reactor, though,
may have little effect on the observed kinetics (10). The aerosol
yields (21) defined here as the amount of aerosol formed
normalized by the ozone concentration change (because it
is the limiting reactant) increase from 0.066% for the 22 nm
experiment to 6.1% for the 50 nm experiment, similar to the
yields reported by other groups (17, 22).

Particle size distributions were measured with a nano
scanning mobility particle sizer (SMPS, model 3080 classifier
equipped with a Po-210 neutralizer with short mobility tube
and model 3025A ultrafine condensation particle counter;
TSI, Inc., St. Paul, MN) attached to the exit of the flow tube.
Two separate checks were made to ensure that the measured
size distributions were correct. First, the length of the
sampling line from the flow reactor to the SMPS was increased
to double the expected residence time in the SMPS system.
This increase resulted in no measurable change in the size
distribution. Second, the absolute signal intensities of the
multiply charged ions in the mass spectra of nominally 9, 30,
and 50 nm diameter particles from R-pinene ozonolysis taken
with the nano-aerosol mass spectrometer (NAMS, see below)
were compared. The absolute intensities increase mono-

tonically with increasing particle size, as observed in other
laboratories (23-25). Furthermore, they are comparable to
those obtained with our instrument using standard particles
(sucrose particles generated with a TSI electrospray generator)
of similar size. The consistency of the SMPS and NAMS data
suggests that the size distributions measured by the SMPS
are correct.

Two methods were used to provide complementary
chemical information of the nascent, ultrafine particles. The
first, a photoionization aerosol mass spectrometer (PIAMS),
provides molecular information and is discussed in detail
elsewhere (26, 27). Particles entering the mass spectrometer
are collected on a cooled probe and irradiated with an infrared
laser, and the desorbed molecules are photoionized with
vacuum ultraviolet radiation. Recently, this method has been
used to study combustion particle inception and growth in
a premixed laminar flame (27) and the kinetics of cholesterol
particle ozonolysis (15).

The second, a nano-aerosol mass spectrometer (NAMS),
provides elemental composition of individual particles.
Particles above ∼30 nm in diameter are efficiently transferred
through an aerodynamic inlet into the mass spectrometer
source region. Analysis is performed by free-firing the ablation
laser (see below) to randomly “hit” particles that happen to
be in the laser beam path when the laser fires. This approach
was used to analyze nascent particles in the 30, 43, and 50
nm experiments. Particles below ∼30 nm in diameter are
not efficiently transferred to the mass spectrometer region
and must be electrodynamically focused through the inlet
and trapped in the source region in order to achieve an
adequate hit rate. The focusing and trapping steps are size
(or more precisely m/z) dependent and allow a specific size
range to be selected from a broad distribution. This approach
was used to select and analyze ca. 9 nm particles in the 22
nm experiment. Initially, the aerosol is brought to an
equilibrium charge distribution by passing through a polo-
nium (Po-210) aerosol neutralizer. Particles then enter the
mass spectrometer through an aerodynamic inlet. After
exiting the critical orifice, charged particles in the distribution
are focused through a quadrupole ion lens and trapped in
a 3-dimensional quadrupole ion trap. Trapped particles are
ablated with a tightly focused (75 mm f.l.) high power laser
beam (532 nm, 170 mJ). When a particle is in the focused
laser beam, a plasma is formed which vaporizes the particle
and converts its contents into multiply charged positive ions.
The radio frequency potentials of the ion lens and trap used
in this work were (136 kHz, 1340 V p-p) and (125 kHz, 2200
V p-p), respectively, as measured with a Tectronics P6105
probe. Using these parameters to analyze sucrose nano-
particles that are size-selected with the nano SMPS, it is found
that the median particle diameter analyzed was 9.5 nm with
σg ) 1.1. For the 22 nm experiment of R-pinene ozonolysis,
particles were hit only when the focusing and trapping
potentials were applied. In other words, under the conditions
of this experiment there was no measurable background hit
rate from unfocused and/or uncharged particles. Only
charged particles in the 9.5 nm size range were detected.

Carbon-to-oxygen (C/O) mole ratios were obtained by
dividing the C2+, C3+, and C4+ signal intensities by the
respective O2+, O3+, or O4+ signal intensities. The three C/O
mole ratios (C2+/O2+, C3+/O3+, and C4+/O4+) obtained from
each sample were then averaged together to obtain a single
C/O mole ratio for each particle size. Singly charged ions
were not included because of a background signal at these
m/z values. Since the C3+ and O4+ peaks overlap, their relative
contributions were deconvoluted assuming that C2+/O2+ )
C3+/O3+ ) C4+/O4+. This assumption appears to be valid
because the ionization potentials for C2+ ≈ O2+, C3+ ≈ O3+,
and C4+ ≈ O4+. When this approach is used to analyze
standard particles of known composition (sucrose) over the

FIGURE 1. (Top) Stabilized Criegee intermediate (SCI) and hydro-
peroxide reaction channels for r-pinene ozonolysis are summarized.
Also shown are two prominent primary products. Bracketed species
indicate excited-state intermediates. (Bottom) Reaction of the SCI
with pinonaldehyde to give a secondary ozonide.
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size range of the R-pinene ozonolysis experiment (8-50 nm
diameter), the measured C/O ratios are within (20% of the
expected C/O ratio. For each aerosol distribution in this work,
the reported C/O ratios are the average of the results from
at least seven separate experiments, with the spectrum from
each experiment being the average of 50 single-particle
spectra. The relative standard deviations of the measured
C/O ratios were <15%.

Results and Discussion
The experimental conditions investigated in this work are
summarized in Table 1. The reaction conditions of the 30
and 50 nm experiments differ only in reaction time, which
allows changes in the chemistry associated with particle
growth in this size range to be studied. As Table 1 shows, the
particle number concentrations of the two experiments are
similar while the size distribution and corresponding mass
concentration of the longer reaction time aerosol are shifted
to larger values. The reaction conditions of the 43 and 50 nm
experiments differ only in the initial R-pinene concentration.
These experiments give insight into the role that the R-pinene
concentration plays in the chemistry of particle formation
and growth. As might be expected, decreasing the R-pinene
concentration uniformly decreases the number concentra-
tion, mass concentration, and mean particle diameter of the
aerosol. The reaction conditions of the 22 nm experiment
are significantly different from those of the rest. The
conditions adopted here were chosen to generate a sufficient
number of particles in the 9 nm size range so that the chemical
composition of particles in this earlier stage of growth could
be investigated. Although other combinations of reaction
conditions were found to produce particles in this size range,
either the number concentration and size range of the aerosol
were not reproducible over time or the number concentration
was too small.

Parts a and b of Figure 2 show the PIAMS spectra of
particles sampled during the 43 and 50 nm experiments,
respectively. In each experiment, a polydisperse aerosol is
produced with a mean particle diameter (dp) as specified.
Because of the different mass concentrations of the two
aerosols (Table 1), the 43 nm spectrum was obtained by
collecting aerosol for 20 min, while the 50 nm spectrum was
obtained by collecting aerosol for 10 min. In the 150-200
m/z region, the mass spectra look remarkably similar to that
reported by Docherty et al. (11), with prominent peaks
observed at 169, 183, 185, and 199 m/z. These ions have been
assigned as fragments of higher molecular weight oligomers
produced through the hydroperoxide channel (11, 12).
Possible building blocks for these oligomers include pinonic
acid (MW ) 184), pinic acid (MW ) 186), and 10-hydroxy-
pinonic acid (MW ) 200). Also observed in Figure 2 are ions
at 310, 324, 338, 352, 366, 380, and 394 m/z, which have not
been reported in previous studies. The 352 m/z species
corresponds to a secondary ozonide (10, 28) formed by the
addition of cis-pinonaldehyde, a common gas-phase product

observed in this reaction, to the SCI (see Figure 1) (29-31).
Similarly, the species observed at 338 and 324 m/z correspond
to secondary ozonides formed by the additions of other gas-
phase products, norpinonaldehyde and 2,2-dimethylcy-
clobutane-1,3-dicarboxyaldehyde, respectively, to the SCI.

Other routes for formation of the high m/z products in
Figure 2 involve the addition and/or subtraction of small
oxygenated species. For example, each of the following
reactions generates a 352 Da molecular mass product:

The first reaction involves addition of pinic acid to the SCI
followed by dehydration either in the condensed phase during
particle growth or during the desorption ionization process.
(A similar reaction sequence involving the addition of 10-
hydroxypinonic acid to the SCI followed by dehydration to

TABLE 1. Reaction Conditions and Particle Size Distributionsa

mean particle
diameter (nm)

r-pinene
concentration (ppm)

ozone concentration
(ppm)

reaction
time (s)

dN/d(log dp) at mean
particle diameter σg

aerosol concentration
(particles/cm3)

aerosol concentration
(µg/m3)

22b,c 83 1 3 1.6 × 106 1.6 6.5 × 105 15
43 11 1 22 8.6 × 106 1.3 2.1 × 106 95
30 136 1 3 1.2 × 107 1.4 4.0 × 106 36
50 136 1 22 2.2 × 107 1.3 5.9 × 106 400

a The measured values vary less than (10% during the course of an experiment. Note that the R-pinene concentrations were not measured
and the values given are upper limits. b Particles selected for analysis from this distribution by electrodynamic focusing had a median diameter
of 9.5 nm and σg ) 1.1, as determined from laboratory-generated sucrose particles. dN/d(log dp) at 9.5 nm was 2.1 × 105. c The linear velocities
of the R-pinene and ozone flows were not matched (30% difference) in this experiment. In all other experiments, the two flow velocities were
matched.

FIGURE 2. Laser desorption-vacuum ultraviolet photoionization
mass spectra of particles produced by the reaction of r-pinene
with ozone. In (a), the 43 nm aerosol was sampled into the mass
spectrometer for a 20 min period; in (b), the 50 nm aerosol was
sampled into the mass spectrometer for a 5 min period.

SCI + pinic acid -H2O (product MW ) 352)

SCI + SCI + H2O - H2O2 (product MW ) 352)
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the vinyl ester would give a product of 366 Da, which is also
observed in Figure 2.) Reaction of the SCI with acids (pinic,
pinonic, and 10-hydroxypinonic) is thought to be kinetically
favorable at atmospheric conditions (10). The second reaction
could proceed by the addition of water to the SCI followed
by reaction with another SCI, or by self-reaction of the SCI
to form a 1,2,4,5-tetraoxane (29, 31-33),

or a linear peroxidic species capped by the addition of water
(31). Again, the elimination of hydrogen peroxide yields the
final product. The series of ions in the high m/z region of
Figure 2 could also arise from the combined addition/
subtraction of several small oxygenated species:

Both formaldehyde and hydrogen peroxide are known
products of R-pinene ozonolysis (17). They could be elimi-
nated from an SCI-addition product after the addition of
water to form a lower-mass species (e.g., 352 f 324 and 338
f 310), or the reverse reaction could occur where the
formaldehyde and hydrogen peroxide eliminated from other
species are added to the SCI-addition product to form a
higher-mass species after the elimination of water (e.g., 352
f 380, 338 f 366, and 366 f 394). In any case, the SCI-
addition product is likely to be a reactive species.

When interpreting PIAMS spectra, it is important to
distinguish molecular decomposition, which occurs in a high-
pressure environment where numerous molecular collisions
occur prior to mass analysis, from ion fragmentation, which
occurs under collision-free conditions in the high-vacuum
region of the mass analyzer. Molecular decomposition can
occur in situ as an aerosol-phase reaction or during the
desorption step of product analysis in the PIAMS. In either
case, molecular collisions accompanying the decomposition
lead to formation of “stable” even-electron products that,
when ionized, give odd-electron, even-m/z ions. The high-
m/z ion series 310, 324, 338, ... would fall into this category.
Ion fragmentation inside the mass spectrometer generally
leads to even-electron, odd-m/z ions. The lower-m/z ion
group (169, 183, 185, 199) would fall into this category.

It is significant that ions corresponding to the direct
addition of aldehydes to the SCI are observed, while those
of the acids are not. In the atmosphere, the organic precursor
concentration is much smaller than the levels studied here.
While the rate coefficient for reaction of the SCI with water
is much lower than that for reaction with any corresponding
organic molecule, the reaction rate of the SCI with water to
produce the [R]-hydroperoxy alcohol should be competitive
owing to the high water vapor concentration (14, 34). While
some calculations and measurements suggest that the
primary decomposition pathway of the [R]-hydroperoxy
alcohol is to the acid and hydroxyl radical (35, 36), others
have measured that this pathway accounts for <30% of
the observed products (18, 37). Rather, the major products
were found to be H2O2 and the aldehyde, in this case,
pinonaldehyde. It appears that water clusters may play a
crucial role in the thermochemistry (38, 39) of secondary
ozonide formation by lowering of the transition state of the
aldehyde channel. Note that the direct oxidation of R-pinene
through the OH channel may also produce significant
amounts of pinonaldehyde (40). Taken together, both the
OH and O3 oxidation channels could facilitate secondary

ozonide formation with the pinonaldehyde and other alde-
hydes, even though their rate coefficients for reaction with
the SCI are expected to be lower than those of the corre-
sponding acids.

It is also possible that the absence of SCI + acid products
in Figure 2 reflects PIAMS detection efficiencies. The SCI +
aldehyde products are less polar than the SCI + acid products
and, therefore, more likely to withstand desorption and
ionization, giving even-m/z ions corresponding to the
appropriate molecular masses. The SCI + acid products could
undergo molecular decomposition during the desorption step
to produce less-polar, more-volatile products which are
subsequently ionized and detected as even-m/z ions. Or they
may be vaporized intact, but the internal energy is so high
that ion fragmentation occurs to produce odd-m/z ions. While
the mass spectra in Figure 2 may give only a partial view of
the species present in these particles, comparing spectra from
the different experiments in Table 1 gives significant insight
into the chemical processes involved. Note that these species,
whether secondary ozonides or hydroxy esters, will decom-
pose into acids and aldehydes upon thermolysis (41, 42),
which can explain their absence from previous off-line GC-
MS analysis studies (43).

The 43 nm spectrum in Figure 2a, the 50 nm spectrum
in Figure 2b, and the corresponding 30 nm spectrum (not
shown) are very similar, showing the same set of prominent
ions in the 169-199 and 310-394 m/z regions. Furthermore,
the peak area ratios of ions in the higher-m/z region to those
in the lower-m/z region (352/199, 338/199, 352/185, etc.)
are the same within experimental error. (While the signal-
to-noise ratio of the high-m/z ions is greater in Figure 2a
than in Figure 2b, the peak area ratios, e.g., 352/199, etc., are
the same.) This observation leads to two conclusions: first,
that the chemical species involved in particle growth across
the 30-50 nm region are similar, and second, that the
chemical species involved are not strongly dependent on
R-pinene concentration in the 10-100 ppm range. The
spectra in Figure 2 reconcile the divergent results of previous
studies by providing direct molecular evidence for both the
SCI and hydroperoxide channels in the formation of sec-
ondary aerosol. While molecular-mass spectrometry is able
to identify chemical species that are characteristic of specific
reaction pathways, as discussed above it does not necessarily
provide a complete view of particle composition. For this
reason, complementary measurements are highly desirable.
In the present study, the atomic composition of the aerosol
is determined by NAMS.

Figure 3 shows the NAMS spectra of 9, 30, and 50 nm
particles. (The 43 nm aerosol could not be characterized by
NAMS because the particle number concentration was too
small to achieve an acceptable hit rate.) For the two larger
particle sizes, the electrodynamic focusing and trapping
capabilities of NAMS were disabled and each polydisperse
aerosol was analyzed in its entirety. The 9 nm data were
obtained from the 22 nm experiment with the focusing and
trapping capabilities enabled so that only particles in a narrow
size range were analyzed (median diameter ) 9.5 nm, σg )
1.1), although much larger particles were generated (dp,avg )
22 nm, σg ) 1.7). Particle vaporization and ionization results
in the formation of multiply charged ions whose relative
intensities give the elemental composition. In Figure 3,
multiply charged carbon (3, 4, and 6 m/z) and oxygen (4, 5.3,
and 8 m/z) are observed, as is hydrogen (1 m/z). No other
multiply charged ions are observed, confirming that the
particles contain only carbon, oxygen, and hydrogen.

The carbon-to-oxygen (C/O) mole ratio, obtained from
the relative signal intensities in the mass spectra, increases
from 1.9 for 9 nm particles to 2.5 for 30 nm particles and 2.7
for 50 nm particles. The 30 and 50 nm results are the same
within the precision of the measurement ((15%). The C/O

2H2O - H2CO - H2O2 mass difference ) 28 Da
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ratios for all three particle sizes are lower than anticipated,
as the C/O mole ratios of most gas-phase products of
R-pinene ozonolysis are much higher, for example, C/O )
5.0 for pinonaldehyde (Figure 1). Indeed, incorporation of
one ozone molecule into the R-pinene precursor structure
gives at most three oxygen atoms (C/O ) 3.3). The hydro-
peroxide channel can give lower C/O ratios through multistep
processes that remove a carbon atom and/or add one or
more oxygen atoms, with the most favorable example being
C/O ) 2.25 for pinic acid (Figure 1). Not surprisingly,
secondary ozonides and hydroperoxy esters produced by
reaction of the SCI with all major gas-phase products
including pinic acid give C/O ratios that are higher than
those for the aerosol. Oligomer formation tends to proceed
by the elimination of H2O or other small molecules that
decreases the oxygen content.

If so many molecular products have large C/O ratios, how
might lower C/O ratios arise? There are two main possibilities.
First, small molecules such as H2O or H2O2, the latter of which
is a byproduct of R-pinene ozonolysis, may co-condense with
the nucleating compounds to lower the effective C/O ratio
of the particles (44). As with binary sulfuric acid-water
nucleation, these molecules may facilitate aerosol formation
by lowering the free-energy barrier to growth provided that
they do not react with intermediates in the reaction sequence
to form the nucleating compounds. Alternatively, water may
efficiently condense on a nanoparticle core composed of

highly polar, water-soluble organic matter (45). (While the
air used in these experiments was nominally dry, a sufficient
amount of water vapor may be present, even though it is
below the detection limit of the hygrometer.) A second
possibility is direct, chemical incorporation of oxygen into
the molecular structure of the nucleating compounds.
Reactions of intermediates with HCHO, HCOOH, H2O, H2O2,
HO2, O2, or the like have been suggested for both the SCI and
the hydroperoxide channels (11, 18). These sequences
generally require many steps and may not have time to occur
in the short time frame of a flow-tube reactor. Alternatively,
it is possible that the vinyl hydroperoxide produced early in
the hydroperoxide channel (Figure 1) reacts with an ad-
ditional ozone molecule, allowing more oxygen atoms to be
incorporated per R-pinene precursor molecule.

While these possibilities cannot be distinguished at this
point, it is clear that oxygen plays a greater role in the early
stage of particle growth than might be inferred from molecular
mass spectrometry alone, highlighting the need for future
investigation. The increasing C/O ratio with increasing
particle size suggests that the aerosol becomes less polar
with time. This observation is consistent with a higher degree
of polymerization in large particles, because oligomer
formation tends to decrease the oxygen content. Indeed, in
at least one study, the oligomer content has been shown to
increase as the aerosol ages (16). It may be necessary in future
work to distinguish small and perhaps highly polar oligomers
that induce new particle formation from large, less polar
oligomers that facilitate particle growth.
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