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Airborne particles play critical roles in air quality, health effects, vis-
ibility, and climate. Secondary organic aerosols (SOA) formed from
oxidation of organic gases such as a-pinene account for a signifi-
cant portion of total airborne particle mass. Current atmospheric
models typically incorporate the assumption that SOA mass is a
liquid into which semivolatile organic compounds undergo instan-
taneous equilibrium partitioning to grow the particles into the size
range important for light scattering and cloud condensation nuclei
activity. We report studies of particles from the oxidation of a-
pinene by ozone and NO; radicals at room temperature. SOA is pri-
marily formed from low-volatility ozonolysis products, with a small
contribution from higher volatility organic nitrates from the NO3
reaction. Contrary to expectations, the particulate nitrate concen-
tration is not consistent with equilibrium partitioning between the
gas phase and a liquid particle. Rather the fraction of organic
nitrates in the particles is only explained by irreversible, kinetically
determined uptake of the nitrates on existing particles, with an
uptake coefficient that is 1.6% of that for the ozonolysis products.
If the nonequilibrium particle formation and growth observed in
this atmospherically important system is a general phenomenon in
the atmosphere, aerosol models may need to be reformulated. The
reformulation of aerosol models could impact the predicted evolu-
tion of SOA in the atmosphere both outdoors and indoors, its role
in heterogeneous chemistry, its projected impacts on air quality,
visibility, and climate, and hence the development of reliable con-
trol strategies.

atmospheric aerosol | nitrate radical | kinetic growth mechanism |
condensation mechanism

irborne particles are well-known to negatively affect human

health (1) and to contribute to “haze” associated with urban
and regional pollution, leading to a reduction in visibility (2). On
a global scale, airborne particles scatter solar radiation and can
act as cloud condensation (CCN) and ice nuclei (IN), influencing
the radiative balance of the atmosphere (3, 4). Currently these
effects represent the largest uncertainty in calculations of climate
change (5). A major component of atmospheric particles is second-
ary organic aerosol (SOA) formed via the oxidation of gaseous
anthropogenic and biogenic precursor compounds. The SOA
material is formed from low-volatility oxidation products (3, 4).
However, the processes and species leading to SOA formation and
growth are not fully understood, which precludes reliable quanti-
tative predictions of their impacts on climate, visibility, and human
health.

Regional and global chemical models have generally under-
predicted SOA concentrations compared to those from field mea-
surements (6-9). Inclusion of a number of additional factors such
as new SOA precursors, condensed phase chemistry, updated gas-
phase chemistry and SOA yields, new primary semivolatile and
intermediate volatility species, and improved emissions inven-
tories of both gases and primary organic aerosols have lessened
the magnitude of the disagreement (10-18). However, there is
still significant uncertainty in predicting ambient SOA levels,
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and model-measurement discrepancies of a factor of two or more
remain common.

One possible source of this uncertainty is that current models
typically assume instantaneous equilibrium partitioning of semi-
volatile organic compounds (SVOCs) between existing liquid air-
borne particles and the gas phase using the theory of absorptive,
activity coefficient-corrected, gas/liquid partitioning described
in detail by Pankow (19, 20). Equilibrium partitioning is justified
for particles with viscosities in the range of 0.01-100 Pa - s and
diffusion coefficients ranging from 10~ to 10™ cm?s~! (21). A
volatility basis set approach has recently been developed for
representing the partitioning of SVOCs, which also depends on
saturation mass concentration of liquid particles (22).

In this paper, we present laboratory studies of particles formed
in the simultaneous oxidation of a-pinene by ozone and NO;
radicals using an aerosol flow system (23). Quantification of the
organic nitrate contributions to the SOA provides unique insight
into the mechanisms by which particles form and grow, which
has important implications for model formulations of SOA, both
outdoors and indoors, and the associated impacts predicted based
on the model outputs.

Results and Discussion

Oxidants (O; and NO,) are well mixed in the upstream end of an
aerosol flow tube (8.5 m in length, 0.5 m in diameter) described
in detail elsewhere (23). The reaction of NO, with O; forms
NO; radicals which are mainly “stored” as N,Os (see SI Text):
NO, + NO; = N,0Os. After approximately 4 min reaction time,
a-pinene is injected. Experiments are performed at relative hu-
midity (RH) < 3% without preexisting seed particles. Reactants,
gas-phase products, and SOA then flow into the sampling section
of the flow tube, which is equipped with five equally spaced ports
(port 1 to port 5). Port 1 corresponds to a reaction time between
a-pinene and the NO,/O;/N,Os mixture of approximately
13 min, whereas port 5 corresponds to a reaction time of approxi-
mately 52 min. Most of the experimental data presented hereafter
are taken at port 5; no major differences are observed in the SOA
measurements between port 1 and port 5, establishing that the
chemistry is essentially complete by port 1 and the particles travel
along the length of the flow tube to port 5 without further signif-
icant modification or “aging.” Integration of the rate equations
for a simplified mechanism for this system (see SI Text) shows that
the NO; chemistry is the dominant oxidation process for a-pinene
under all experimental conditions, and is sufficiently rapid
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(kN9 = 6.2 x 1072 cm® molecule™ s7'; ref. 24) so that the reac-
tion is >90% complete in terms of a-pinene loss by port 1
(Table S1). This loss is confirmed by experimental measurements
of a-pinene by GC-MS. The validity of the kinetics model is also
verified by using the model-predicted concentrations of NO,
and N,Os (Fig. S1) to predict how much organic nitrate should
be formed and by comparing these concentrations to those mea-
sured using FTIR (Fig. S2).

The size distributions of SOA formed by the oxidation of
a-pinene are shown in Fig. 1 (and Fig. S3) when NO, is varied
from 6.3 to 0 ppm at constant O;. At the highest NO, concen-
tration, few particles are formed, which is expected because mul-
tifunctional organic nitrates, formed in the NOj; reaction with
a-pinene, have sufficiently high vapor pressures that they do not
readily nucleate to form new particles (25-27). For example, the
products 3-oxopinane-2-nitrate, 2-hydroxypinane-3-nitrate, and
pinonaldehyde peroxyacetyl nitrate, which have been measured
in the gas phase (27-30) with an average total yield of 16.5%,
have vapor pressures between 4 x 1076 and 1 x 1077 atm at 295 K
(26, 31). However, ozonolysis products typically have lower vapor
pressures (e.g., ca. 1 x 1077 and 6 x 107! atm for pinonic and
pinic acids, respectively; ref. 31) and more readily undergo homo-
geneous nucleation to form new particles. As the NO, concen-
tration decreases and the contribution of O; to the a-pinene loss
increases, the particle number and mass concentration due to
ozonolysis increase (Fig. 1 and Fig. S4) as expected.

Organic nitrate products from the NO; chemistry comprise a
fraction of the SOA. For example, Fig. 2 shows FTIR spectra
from particles collected at the end of the flow tube as a function
of initial NO, concentration. In addition to the aliphatic —C-H
stretches in the 2,800-3,000 cm™' region, three infrared bands
corresponding to the —ONO, asymmetric stretch (1,630 cm™),
the —ONO, symmetric stretch (1,280 cm™!), and RO-NO, stretch
(860 cm™!) characteristic of organic nitrates are seen (27, 29, 32~
34). As described in the SI 7ext, these spectra show that the relative
number of —~ONO, groups to —C-H groups, n(_ono,)/(-cH),
increases with the NO, concentration (Table S2).
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Fig. 1. Combined scanning mobility particle sizer (SMPS)-aerodynamic par-
ticle sizer size distributions of particles as a function of NO, concentration
from 6.3 to 0.2 ppm, with a constant 1.4 ppm concentration of Os. The gray
trace is that for reaction with 1.6 ppm O3 alone. All traces correspond to the
Weibull fit; Fig. S3 presents the experimental data and this fit. Measurements
were made at port 5 of the flow tube (ca. 52 min reaction time between
a-pinene and the NO,/O5/N,O5 mixture) except for the blue trace (NO, =
1.1 ppm) where only SMPS data from port 1 were available (ca. 13 min reac-
tion time between a-pinene and the NO, /O3 /N, 05 mixture). However, when
simultaneous measurements were made at port 1 and port 5 for the NO, +
O3 system, the measured distributions were similar.
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Fig. 2. FTIR spectra from particles collected on ZnSe discs (50% cut point at

0.5 um for 9 L min~" flow rate through the impactor; spectra for a 1.0-um
cutoff disc are similar) as a function of the NO, concentration from 6.3 to
0.2 ppm (A-E) with an initial O3 concentration of 1.4 ppm. F is from the
ozonolysis experiment using 1.6 ppm Os. Because no attempt was made
to collect the same mass of SOA for each sample, it is the relative peak heights
for the —ONO, groups compared to the —C-H bands that indicate the trends
in organic nitrate products with the initial NO, concentration, rather than
the absolute peak heights.

Similarly, mass spectra acquired using real-time high-resolution
time-of-flight mass spectrometry (HR-TOF-AMS) and single par-
ticle mass spectrometry (SPLAT-II) show that the SOA contains
organic nitrates (Fig. S5). The spectra when NO, is present
(Fig. S5 A-C and E-G ) are very similar to those for the ozonolysis
reaction (Fig. S5 D and H), except that peaks at m/z 30 and 46 also
appear, primarily from NO* and NO," (SPLAT-II spectra show
primarily m /z 30). The NO* /NO, " ratio from the high-resolution
AMS mass spectra ranges from 4.9 to 7.6, consistent with a con-
tribution from organic nitrate products (35-38) from the NO; re-
action with a-pinene (26, 27, 35).

The similarity of the spectra in the presence and absence
of NO, suggests that the overall bulk composition of the aerosol
(excluding the organic nitrate component) remains relatively
constant. For example, the O: C ratios calculated from the AMS
data (Fig. S6) average 0.34 £ 0.10 over the range of experimental
conditions. This average value is similar to previous measure-
ments of SOA from a-pinene ozonolysis (39-41) and with pinonic
and pinic acid (with O:C ratios of 0.3 and 0.4, respectively),
which are known to be major products of the ozone reaction
(42, 43). Although there may be a slight trend in the O:C ratio
with the NO, concentration, it is not significant within uncer-
tainty of the measurements.

Extracts of particles collected on quartz-fiber filters are ana-
lyzed by liquid chromatography with UV detection (LC-UV).
Chromatograms (Fig. S7) show a group of overlapping peaks with
UV spectra attributable to organic nitrates (44) in all NO, experi-
ments. The mass concentrations of total organic nitrates in the
particles derived from the LC-UV data (F;, ug per m? of air) (see
Eq. S5) are shown in Table 1 as a function of the initial NO, con-
centration. Using the size distributions and the densities mea-
sured by SPLAT-II, the total mass concentration of particles and
the mass fraction of organic nitrates (fapono2) are also calcu-
lated. Organic nitrates comprise between 0.1-8.2% of the total
SOA mass and follow the trend in NO,. This trend is also shown
in the HR-TOF-AMS and FTIR analysis (Table S2).

In short, measurement of the SOA composition by three differ-
ent techniques shows that the organic nitrate contribution to the
SOA decreases as the NO, concentration (and thus the available
NO; radicals to react with a-pinene) decreases. Simultaneously,
the amount of SOA formed increases due to the increasing con-
tribution of the O; reaction. Fig. 3 summarizes qualitatively the
chemistry occurring in this system: Although ozonolysis is primarily

PNAS | February 21,2012 | vol. 109 | no.8 | 2837

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119909109/-/DCSupplemental/pnas.1119909109_SI.pdf?targetid=SF3

Bane

/

D\

Table 1. Total and particulate organic nitrate concentrations and total mass concentrations of SOA

Mass concentration of total
organic nitrates [APONO2],*
ug perm? of air

Initial [NO;],,
10" moleculescm=3or [ppm]

Mass concentration of
aerosol organic nitrates

Total mass concentration
of SOA M,*

ug per m? of air

F;,' g perm3 of air fapono2, %

NO; experiments, with [Os], = 1.4 ppm
23

1.6 [6.3] 394 28 8.2

0.59 [2.4] 319 7.6 392 1.9

0.42 [1.7] 270 8.0 436 1.8

0.27 [1.1] 195 5.0 907 0.6

0.05 [0.2] 42 1.1 1,791 0.06
O3 experiments, with [O3], = 1.6 ppm

0.00 0 1,948 0

Measured at a reaction time of 52 min corresponding to the fifth and last port of the flow tube (see S/ Text).
*From the box model. The output of the model corrected for N,Os wall loss, [APONO2], in molecules cm=3, is converted into a mass concentration using

MW apono2 = 220 gmol=" (26).
"From LC-UV data (see S/ Text).

*From scanning mobility particle sizer-aerodynamic particle sizer composite size distributions and densities measured by SPLAT-II (see S/ Text).

responsible for SOA formation, ozonolysis products (hereafter
defined as “Prod1”) and organic nitrates (hereafter defined as
“APONO2”) are both incorporated into the SOA, contributing to
its growth.

To probe the chemistry quantitatively, a simplified 96-step
mechanism for the NO, + O3 + a-pinene system is developed,
and the rate equations are integrated using Acuchem (45). Two
reaction channels are assumed for the NO; reaction and two for
the O; reaction:

a-pinene + NO; — APONO2
ky = 1.0x 1072 cm® molecule~! s~! [1]

— other products

ky = 5.2x 1072 cm® molecule™! s~ [2]

a-pinene + O; - OH + RO,

ky =7.4x 1077 cm3 molecule™ s~! [31
— Prodl
ky = 1.6 x 10717 ¢cm3 molecule™' s7!. [4]

VOC (a-pinene)

7\

Oxidation by O, Oxidation by NO,

(contribution < 5%) (contribution > 95%)

ozonolysis products (Prod1) organic nitrates (APONO2)

N\

NUCLEATION

CONDENSATION CONDENSATION

o
yProdl seed-particle

GROWTH

}

Prod1
APOI

yAPONOZ

Fig. 3. Representation of SOA formation and growth based on the experi-
mental observations. See text for details.
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The rate constants for these reactions are based on known rate
constants for the overall reactions (24) and branching ratios for
the formation of organic nitrates (APONO2) and OH radicals.
Thus, the yield of organic nitrates in the NO; reaction is taken
to be 16.5% (46) and the OH yield in the ozone reaction is taken
to be 82% (46). Prod1 is a marker for the O; chemistry that re-
presents, in part, low-volatility products that lead to particle for-
mation and growth. The use of a first-generation product (Prod1)
as a proxy for SOA is supported by the work of Ng et al. (47)
who showed that the particles from a-pinene ozonolysis are due
to first-generation low-volatility products. Fig. S2 compares the
box model-predicted total (gas plus particle phase) concentra-
tions of APONO?2 as a function of the initial NO, (gray dashed
line) to the gas-phase organic nitrate concentrations measured
using long-path FTIR (black circles). This comparison should be
reasonable because most of the organic nitrates are in the gas
phase (Table 1). As described in the SI Text, the model well re-
presents the time evolution of the total concentration of organic
nitrates as a function of the initial NO, concentration.

Growth of SOA has often been described via adsorption of
SVOCs, such as organic nitrates, onto the particle surface or
absorption into the bulk. In most atmospheric models of SOA,
the latter process (19, 20) is taken to be responsible for uptake
of SVOC:s into existing liquid particles. It is assumed that once a
seed particle is formed (e.g., by homogeneous nucleation),
SVOC:s will partition into the bulk liquid phase of the particles,
causing it to grow.

An equilibrium partitioning coefficient (K}, ;) for compound i is
defined as the ratio of the concentrations of compound i in the
gas and particle phases, assuming a reversible gas-particle parti-
tioning based on Raoult’s law with activity corrections (19, 20):

K.:Fi/M_ fomRT

= . S
P Ai Mwom 106&!’2; ]

In Eq. 5, F; and A; are the mass concentrations (ug per m? of air)
of compound i in the aerosol and gas phase, respectively, and M
(pgper m? of air) is the mass concentration of particulate materi-
al, so K,,; has units of m? per pg. On the right-hand side of Eq. 5,
fom is the mass fraction of the presumably largely organic material
portion of the particulate matter into which the partitioning is
occurring (because of the absence of preexisting seed particles,
fom 18 unity for our experiments), R is the ideal gas constant
(m?* atm K~ mol™!), T is the temperature (K), MW, (gmol™")
is the average molecular weight of the particulate matter phase
into which the partitioning is occurring, ¢; is the activity coeffi-
cient of compound i, and p} ; is the vapor pressure of compound
i (atm).

Values of F;/M and A; for the sum of all organic nitrates are
calculated using F; and M from Table 1, and the corrected gas-
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Fig. 4. Dependence of F;/M on A, (see text for definitions) for organic
nitrates in SOA from the oxidation of a-pinene by O3/NO, for the flow tube
experiments (black circles), and in the PEG seed particle experiments (gray
triangles). (The total mass concentration of PEG particles is approximately
5,000 pg m3).

phase concentrations (A4;; see SI Text) from the box model with
A; = [APONO?2] — F;. Eq. 5 predicts that a plot of F; /M versus A4;
will be a straight line with slope K,,, which is seen in Fig. 4 (black
circles) not to be the case for the NO,/O;/a-pinene system.

There are four possible sources of this unexpected variation
that are associated with the physical description of K, (right-hand
side of Eq. 5): (i) The activity coefficients (¢;) vary systematically
as the NO, concentration changes; (i) the gas-phase box model
does not predict accurately A; as a function of NO, concentra-
tion; (iif) the composition of the SOA into which the organic
nitrates partition changes dramatically with NO, concentration;
or (iv) the conditions for which Eq. 5 is developed do not apply in
this system. As shown in Fig. S5 and discussed in the SI Text, a
systematic variation in the bulk SOA composition (excluding the
organic nitrates) and hence in ¢; is unlikely. With respect to (i),
experimental measurements of gas-phase organic nitrates show
that the box model does predict accurately their trend with NO,
(Fig. S2). The third possibility is ruled out by the data presented
in Figs. S5 and S6, which show that the SOA composition does
not change significantly, except for the contribution of organic
nitrates (see discussion above). This process of elimination leaves
the fourth possibility—i.e., that the equilibrium described by
Eq. 5 does not apply in this system.

To test that organic nitrates do partition into particles that are
known to be liquid and where equilibrium should be rapidly
achieved, uptake into liquid poly(ethylene glycol) (PEG) particles
(see SI Text) is studied. Organic nitrates are generated in a sepa-
rate set of experiments by reacting a-pinene with NO;, generated
from the thermal decomposition of varying concentrations of
N,Os. The mixture of products and remaining reactants are then
exposed to PEG particles. After approximately 10 min, particles
are collected and analyzed using the same technique as for the
NO,/O;/a-pinene experiments. Fig. 4 (gray triangles) shows
that F;/M depends linearly on A;, consistent with equilibrium
partitioning into liquid particles as described by Eq. 5. This
outcome is not surprising; for a liquid of the viscosity of the
PEG (ca. 0.1 Pa -s), the diffusion coefficient is approximately
5% 1070 cm?s~! and the time to diffuse from the surface to the
center of a 260-nm diameter particle (average geometric mean
diameter of the PEG particle distributions) is only about
35 ps (21).

In short, although the organic nitrates partition in equilibrium
fashion as expected into liquid PEG particles, the same is not the
case for the incorporation of organic nitrates into the SOA
formed in the ozonolysis of a-pinene, at least on the timescale
(ca. 10-60 min) of the experiments.

An alternative hypothesis to equilibrium partitioning is that
the particles grow and incorporate organic nitrates via a nonequi-
librium, kinetically limited mechanism, similar to what has been
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described historically as a “condensation” mechanism (3, 4). Gas
molecules impinge on the surface of an existing particle, with some
probability that they will be taken up. This probability, and the time
they remain adsorbed on the surface, are determined by the nature
of the attractive forces operating between the gas and the surface
of the particle. In addition, reactions at the surface that convert the
adsorbate to lower volatility compounds (for example, oligomer
formation) may contribute (48-51). If the residence time on the
surface is sufficiently long, the adsorbed species can become “bur-
ied” and hence incorporated into the bulk by semivolatile gaseous
compounds that subsequently condense. Based on gas kinetic the-
ory, the time between collisions of a gas molecule with a molecular
weight of 220 gmol~! with an adsorbed surface molecule is about
100 ms, assuming a 10 ppb gas-phase SVOC concentration and
surface area per molecule of 1 nm?. If a molecule at the surface
has a longer residence time than 100 ms, the probability of it be-
coming buried by an incoming product molecule becomes signifi-
cant. An estimate of reasonable residence times on the surface can
be obtained from the rate constant for desorption (52), kges =
Ae~Ea/RT where E4 ~ AHgy, (or AH,,, depending on the process).
Heats of sublimation for acids and diacids are typically about
150 kImol~" (53, 54) and heats of vaporization and sublimation
for simple alcohols are typically in the range of 80-120 kJ mol™!
(55). Using A ~ 10" s~! lifetimes on the surface will range from
10 to 10" s, more than sufficient to be buried by incoming SVOCs.

To assess if this growth mechanism is consistent with the ex-
perimental data, the uptake of APONO?2 and Prod1 are treated
as irreversible and occurring with uptake probabilities of yAPONO2
and yPodl. A value of the relative uptake coefficients,
yAPONO2 /Prodl — 0 016, is found to provide an excellent fit to the
experimentally measured mass fraction of organic nitrates in the
SOA (faponoz, Table 1) for all NO, concentrations (Fig. S8).
These results show that a nonequilibrium kinetically determined
mechanism determines the formation and growth of SOA in this
atmospherically important system.

A kinetics mechanism implies that reevaporation of the
organic nitrates back to the gas phase is negligible, at least on the
timescale of these experiments. Given the earlier discussion of
diffusion times under typical liquid viscosities (21), the lack of
reevaporation shows that the SOA material must be very viscous;
once the organic nitrate is buried, it does not readily diffuse back
to the particle surface and into the gas phase. The characteristic
times for diffusion in a 400-nm diameter particle for a liquid are
10 ps to 10 ms for diffusion coefficients in the range of 1073 to
10~ cm?s~! (21). For the approximately 1 h residence time in
our flow system, equilibrium should be reached if the diffusion
coefficient was >107'4 cm? s™!. The fact that our data show equi-
librium is not reached is compatible with the SOA being solid or
semisolid, where D < 10714 cm?s~! (21). Clearly, the phase of a
particle is important as it impacts the interaction of gas-phase
products with the seed particles, and thus their growth rate,
optical properties, and CCN activity (56).

Many studies have examined the timescales for the various
steps associated with the formation and growth of SOA (21,
57-60); the conclusion is that the time for gas-phase SVOCs to
come to equilibrium with liquid particles under typical atmo-
spheric conditions is sufficiently short that the assumption of in-
stantaneous equilibrium partitioning in atmospheric models is
justified. However, a variety of recent results from other labora-
tories indicate that SOA in both ambient air and laboratory sys-
tems from reactions such as O; with a-pinene does not always
behave like a liquid. Vaden et al. (61) show that SOA mixed with
a hydrophobic liquid organic forms layered particles with SOA at
the core coated with the hydrophobic organic, or a hydrophobic
core coated with SOA, both of which were stable for many hours.
Vaden et al. (62) also demonstrate that evaporation of ambient
SOA particles from Sacramento, California as well as laboratory-
generated SOA, is quite slow, and the size dependence of the eva-
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poration is not consistent with that expected for liquid particles.
Earlier studies of the desorption of organics from particles col-
lected in a highway tunnel showed that the diffusion coefficients
were orders of magnitude smaller than expected for liquids (63).
Virtanen et al. (64, 65) report that particles collected in Hyytil4,
Finland and those generated in the laboratory by ozonolysis of
a-pinene, bounce off impactor plates as if they are solids. Pierce
et al. (66) show that freshly nucleated particles from Hyytiéla, Fin-
land and Egbert, ON, Canada have very low volatility. Cappa and
Wilson (67) demonstrate that the composition of SOA from the
ozonolysis of a-pinene does not change with heating as expected
if the evaporation is determined by equilibrium partitioning be-
tween a liquid particle and the gas phase. Thermodenuder mea-
surements from field studies (11, 68) and laboratory-generated
SOA from ozonolysis of monoterpenes (69, 70) show that thermal
evaporation of the SOA (specifically at low RH) is much smaller
than predicted by models of liquid particles, indicating that a sig-
nificant fraction of the SOA is essentially nonvolatile.

Laboratory studies of the interaction of water vapor with some
species relevant to atmospheric particles have also suggested that
atmospheric particles may form highly viscous amorphous mate-
rial under the appropriate conditions (71-73). More recently,
Koop et al. (74) have shown that pinic acid and pinonic acid,
which are major products of the a-pinene ozonolysis (42, 43),
have glass transition temperatures between 265 and 268 K and
thus can form a “glass” at lower temperatures found under some
conditions in the troposphere; even above the glass transition
temperature, the viscosity may be quite high.

In short, the results from our studies suggest that the assump-
tion of instantaneous equilibrium commonly applied to SOA for-
mation and evolution in most atmospheric models may need to
be revisited. A kinetically limited/condensation growth mechan-
ism actually can provide a better fit to field data. For example,
measurements of the evolution of the number concentrations and
size distributions of aerosols in the Mexico City area are shown to
be consistent with a condensation mechanism for particle growth
(75). Similarly, the growth of ultrafine aerosols from Egbert, ON,
Canada and Hyytiéld, Finland are best modeled if >50% of the
ultrafine particle growth was because of condensation (76). Very
recent modeling efforts (77-79) also suggest the importance of
this growth mechanism. As discussed in detail in the SI Text, the
SOA measured in Riverside, California is consistent with a kine-
tically limited growth mechanism with no reevaporation if the
overall average uptake coefficient for the SVOCs that lead to par-
ticle growth is of the order of 0.5-0.6.

1. Pope CA, et al. (2002) Lung cancer, cardiopulmonary mortality, and long-term expo-
sure to fine particulate air pollution. J Am Med Assoc 287:1132-1141.
. Hinds WC (1999) Aerosols Technology: Properties, Behavior and Measurement of Air-
borne Particles (Wiley Interscience, New York), pp 364-370.
. Finlayson-Pitts BJ, Pitts JN, Jr (2000) Chemistry of the Upper and Lower Atmosphere—
Theory, Experiments, and Applications (Academic, San Diego), pp 349-435 pp
788-814.
4. Seinfeld JH, Pandis SN (1998) Atmospheric Chemistry and Physics: From Air Pollution
to Climate Change (Wiley Interscience, New York), pp 700-751 pp 1113-1184.
. Intergovernmental Panel on Climate Chang (2007) IPCC, Climate Change 2007—The
Physical Science Basis: Contribution of Working Group | to the Fourth Assessment
Report of the IPPC (Cambridge Univ Press, Cambridge, UK).
. Volkamer R, et al. (2006) Secondary organic aerosol formation from anthropogenic
air pollution: Rapid and higher than expected. Geophys Res Lett 33:L17811.
. Hodzic A, et al. (2009) Modeling organic aerosols during MILAGRO: Importance of
biogenic secondary organic aerosols. Atmos Chem Phys 9:6949-6982.
. O'Donnell D, Tsigaridis K, Feichter J (2011) Estimating the direct and indirect effects
of secondary organic aerosols using ECHAM5-HAM. Atmos Chem Phys 11:8635-8659.
. Heald CL, et al. (2005) A large organic aerosol source in the free troposphere missing
from current models. Geophys Res Lett 32:L18809.
10. Carlton AG, et al. (2010) Model representation of secondary organic aerosol in
CMAQV4. Environ Sci Technol 44:8553-8560.

11. Dzepina K, et al. (2009) Evaluation of recently-proposed secondary organic aerosol
models for a case study in Mexico City. Atmos Chem Phys 9:5681-5709.

12. Foley KM, et al. (2010) Incremental testing of the Community Multiscale Air Quality
(CMAQ) modeling system version 4. Geosci Model Dev 3:205-226.

N

w

5

o

~

00

©

2840 | www.pnas.org/cgi/doi/10.1073/pnas.1119909109

The issue of thermodynamic equilibrium has also been dis-
cussed in detail with respect to modeling inorganic atmospheric
aerosols. The first generation of aerosol models assumed thermo-
dynamic equilibrium for the volatile compounds between the gas
and aerosol phase (80-83). However, measurements by Tanner
(84), Allen et al. (85), and Wexler and Seinfeld (86) showed that
equilibrium is not always achieved, especially within the time step
used by models. Consequently, gas-to-particle conversion for in-
organic species is now generally represented in aerosol modules
by a dynamic mass transfer between the gas and aerosol phases
(e.g., Meng et al., ref. 87).

In short, the combination of experiments reported here sug-
gests that uptake of SVOCs into ambient SOA is consistent with
a kinetically limited/condensation growth mechanism. Adsorbed
SVOCs become incorporated into the bulk by being buried by
incoming gas molecules and do not reevaporate, at least on the
timescale of the experiments. If this process proves to be a gen-
eral phenomenon, then the current formation and growth of SOA
is not appropriately represented in most atmospheric models
that rely on instantaneous thermodynamic equilibrium of SVOCs
into liquid particles. Thus, current treatments of SOA formation
and growth in models for both indoor and outdoor environments
and the predicted impacts based on these models may need to be
revisited.

Materials and Methods

A brief description of the experimental procedure is provided below and de-
tails can be found in the S/ Text. a-Pinene was reacted with mixtures of Oz and
NO, in an aerosol flow tube (23). The size distributions, densities, and com-
position of the particles formed were measured using a scanning mobility
particle sizer, an aerodynamic particle sizer, two particle mass spectrometers
(SPLAT-II-MS and HR-TOF-AMS), LC-UV, and FTIR. Gas-phase concentrations
were measured using a chemiluminescence NO, analyzer, a photometric O3
analyzer, GC-MS, and long-path FTIR. For comparison, experiments were
performed in Teflon reaction chambers using liquid PEG seed particles and
the use of N,Os as the source of NO; radicals.
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S| Materials and Methods

Flow Tube Experiments. Aerosol flow tube. A series of experiments
were performed using a unique atmospheric pressure flow system
described in detail elsewhere (1). Briefly, the main body of the
flow system was a cylindrical stainless steel flow tube of inner
diameter 46 cm and length 7.3 m. The first 1.2 m of the flow tube
was a mixing section fitted with two types of separate inlets and
one downstream inlet for addition of air-diluted O3, NO,, and
a-pinene, respectively (see below). Reactants and products were
well mixed before flowing into a 6.1 m sampling section which was
equipped with five equally spaced sampling ports (ports 1-5). The
total flow rate into the system was 20 L min~!, which corre-
sponded to a residence time in the flow tube of approximately 1 h.
Nitrate radicals were generated from the reaction of 3.3 x 103
O3 moleculesem™ (1.4 ppm) with varying concentrations of
NO, ranging from 0.49 x 10" to 1.6 x 10'* molecules cm™>
(0.2-6.3 ppm). For comparison, an ozonolysis experiment was
performed using 3.9 x 10'3 O3 molecules cm™=3 (1.6 ppm) without
added NO,. For each system, the a-pinene concentration was
2.5 x 103 moleculescm™3 (1.0 ppm). Before each experiment,
the flow tube was flushed overnight with a constant flow of dry,
filtered compressed air purified by passing through an FTIR
purge gas generator (Parker Balston Model 75-62), Carbon/
Alumina Media (Perma Pure, LLC), and an inline 0.1 pm filter
(DIF-N70; Headline Filters). This purified air was also used for
diluting reagents as described below. A typical background con-
centration of particles in the flow tube before an experiment was
<50 particles cm™.

Reagents. Ozone was generated by passing a 2 L min™' flow of
ultrahigh purity oxygen (Oxygen Services, 99.993 %) through a
Sander C-100 ozone generator and then diluted with purified
air. Ozone in purified dry air entered the upstream end of the
flow tube at 10 L min~' and was dispersed across the cross-sec-
tion of the flow tube using a 16 gauge stainless steel showerhead
diffuser disk with many equally spaced holes. Immediately down-
stream, NO, (5,069 ppm in air; Praxair), diluted in purified dry air
was injected at 5 L min~! through a spoke-type inlet having a
number of openings on the upstream side of each spoke to ensure
good mixing of the O; and NO,. As the gas mixture moved down-
stream, reactions occurred to generate NO; and N,Os:

03 + N02 - NO3 + 02 [Sl]
NO; + NO, « N,Os. [S2]

a-Pinene [(1R)-(+)-a-pinene; Sigma-Aldrich, >99%] was added
to the NO,/O3/NO;/N,05 mixture 55 cm downstream from
the addition of NO, (corresponding to a reaction time between
NO, and Oj; of 265 s). Liquid a-pinene was added using a mo-
torized syringe into a constant flow of purified air and through a
second spoked-hub inlet at 5 L min~!. Before each experiment,
a-pinene was purified by passage through a glass column of
neutral aluminum oxide (chromatography grade; J.T. Baker
Chemical Company) to remove oxidized impurities. After this
treatment, GC/MS analysis showed only a 1.6% p-pinene impur-
ity that was not removed by the aluminum oxide column.

The reaction time between the addition of a-pinene to the
NO,/0;/NO;/N,O5 mixture and the first sampling port (port 1)
was 13 min, and the reaction time at the last sampling port (port
5) was 52 min. The relative humidity (RH) in the flow tube was
measured to be <3% at both ports (Vaisala humidity and tem-
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perature transmitters; models HMT338 and HMP238). Ozone
and NO, concentrations were monitored by a photometric O;
analyzer (Teledyne Model 400E) and a chemiluminescence NO,
analyzer (Thermo model 42C), respectively. The a-pinene con-
centrations were analyzed by GC-MS (Hewlett-Packard; 5890
Series IT GC and a 5971A Mass Selective Detector equipped with
a DB5-ms column of 60-m length, 0.25-mm internal diameter,
and a 0.25 pm film thickness (Agilent Technologies, Inc.). Gas
samples from the flow tube were pumped through a 10-mL sam-
pling loop (kept at room temperature). Electron impact ioniza-
tion at 70 eV associated with single ion monitoring (SIM) at m/z
93.10 was used for high sensitivity. Calibration of the instrument
was carried out using a certified gas cylinder containing 560 ppb
1S-(-)-a-pinene in nitrogen (Scott-Marrin, Inc.).

Particle size distribution measurements. Size distributions of the
particles formed from the a-pinene oxidation were measured
using a scanning mobility particle sizer (SMPS) configured with
a long differential mobility analyzer (DMA; TSI model 3081) and
a condensation particle counter (TSI model 3022A), or an aero-
dynamic particle sizer (APS; TSI model 3321). The SMPS was
operated using a sample flow rate of 0.2 L min~', with a sheath
flow of 2 L min~' and a 0.058 c¢m inlet impactor. Under these
conditions, the instrument measured particles with mobility dia-
meters (d,,) ranging from 23 to 965 nm. The APS was operated
using a sample flow rate of 5 L min~' and was rated to measure
particles with aerodynamic diameters (d,) from 0.54 to 20 pm.
The determination of the number concentration of the particles
by their diameter is sensitive to the number of bins into which the
selected range is divided (2); in the present experiments, 32 bins
were used from the SMPS with the multiple charge correction
applied. This binning allowed a smooth pairing of the SMPS to
the APS data. The two series of measurements were used to draw
a single combined size distribution of the particles. The aerody-
namic diameters (d,) from the APS were converted into electrical
mobility diameters (d,,) using Eq. S3 (3-5)

Cs(d,) po Po
dy, =d,, [y=s\%a)Po_ 4 o S3
V¥ Cold) oy \/p: 1531

where C; is the Cunningham slip correction factor and C(d,) =
C,(d,;) = 1 in the continuum regime, y is the shape factor which
is unity for spherical particles (3, 4) and, p, and p, are the den-
sities (gcm™?) of the particle and unit density, respectively. The
density of single particles was measured using a single particle
mass spectrometer (SPLAT-II). To do so, a DMA (TSI model
3081) was used to select particles with a narrow distribution of
particles with 300 nm electrical mobility diameter (d,,) (6).
The vacuum aerodynamic diameter (d,,) of these size-selected
particles was measured using SPLAT-II to obtain information
on particle sphericity and high-precision particle densities (6-8).
SPLAT-II was also used to measure real-time particle composi-
tion as described below.

Real-time particle measurements. Real-time particle composition
analysis was performed using both a high-resolution time-
of-flight aerosol mass spectrometer (HR-TOF-AMS; Aerodyne
Research, Inc.) (9, 10) and SPLAT-II (8). The temperature of
the vaporizer in the HR-TOF-AMS was maintained at 230 °C,
in an attempt to minimize decomposition of expected organic ni-
trate products (10). Particle composition information from
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SPLAT-II was obtained using two-step laser desorption/ioniza-
tion of the size-selected particles with a 193 nm excimer laser
and an angular reflectron time-of-flight mass spectrometer.

Integrative measurements. Particles were collected at the end of
the flow tube using a two-channel sampling line. One channel
was equipped with polished ZnSe windows (25 x 2 mm; Reflex
Analytical Corporation) enclosed in a modified Sioutas cascade
impactor (SKC; model 225-370). Two impactor stages were used
at a sampling flow of 9 L min~! with, respectively, 1.0 and 0.5 um
cutoffs (at 9 L min~!). The discs were analyzed by FTIR spectro-
scopy as described by Bruns et al. (10).

The second channel was equipped with a quartz-fiber filter
(Tissuquartz™; 37-mm diameter) mounted in a three-piece poly-
propylene SureSeal air-monitoring cassette (SKC). Prior to use,
the filters were baked in air at 475 °C overnight to remove organic
contaminants. Samples from the flow tube passed through a
3-cm diameter by 10-cm-long monolith extruded carbon denuder
(Novacarb™; Mast Carbon, Ltd.) installed in front of the filter in
order to remove gases from the sample collected at a flow rate of
5 L min~'. Prior to each measurement, the denuders were recon-
ditioned overnight under a stream of ultrahigh purity nitrogen
(Oxygen Services Company; 99.995 %) at approximately 75 °C.
Independent studies performed to test the efficiency of the de-
nuder showed that the transmission of particles was greater than
92%. The denuder removed more than 95% of N,O5/NO; at a
flow rate of 1 L min~! (11) and more than 99% of O; at a flow
rate of approximately 6 L min~!. Filter collection efficiency was
determined using SMPS and APS measurements before and after
the filter. No particles were observed downstream of the filter at a
flow rate of 0.2 L min~'. Directly after sampling, the filters were
extracted using 2 mL of acetonitrile with sonication for 10 min and
analyzed by liquid chromatography with UV detection at 210 nm
(LC-UV) using an Agilent HPLC (1100 Series). The LC-UV sys-
tem was equipped with a 30 mm X 3.2 mm X 5 pm Envirosep PP
(Phenomenex) guard column and a 250 mm X 4.6 mm X 5 pm
Cyano Microsorb MV (Varian) column both maintained at 35 °C.
The sample injection volume was 20 pL. The flow rate was
0.5 mL min~! with the elution gradient from 5% acetonitrile (EMD
Chemicals, Inc.; HPLC grade) —95% water (OmniSolv; EMD) to
85% acetonitrile —15% water in 50 min (hold 10 min). Analytes
were detected using a diode array detector set at 1 = 210 nm, a wa-
velength useful for detecting organic nitrates (12-14). 2-Ethylhexyl
nitrate (Sigma-Aldrich; 97%) was used as a standard for quantifica-
tion of the organic nitrates. For each filter extract, the individual
contributions were determined using GRAMS/AIS spectral data
processing software (Thermo Electron Corp.) to curve fit the ob-
vious peaks.

PEG Liquid Particle Experiments. PEG particles were generated by
nebulizing neat poly(ethylene glycol) (Aldrich; average M, ~
400 g mol~") with a Collison nebulizer (model CN25; BGI) using
synthetic air (Oxygen Services Company; blend of O, and N,,
THC < 0.01 ppm, H,0 < 2.0 ppm, CO < 0.5 ppm, CO, <
0.5 ppm). The total flow of air was 3 L min~! for the nebulizer to
operate efficiently. Subsequently, a portion of the flow (1 L min~")
containing the aerosol passed through a vertical glass tube (45 cm
in length and 1.9 cm inside diameter), the top half of which was
heated with heating tape to approximately 190 °C so as to vaporize
PEG and then through the lower unheated half of the tube where
the PEG vapor cooled and condensed to form particles with a re-
latively narrow size distribution (15). The flow of aerosol was then
diluted using the same synthetic air (20 L min~") before being in-
troduced into an approximately 300-L Teflon® reaction chamber.

a-Pinene was injected using a syringe into a 300-L Teflon® re-
action chamber initially half-filled with dry synthetic air yielding a
concentration of approximately 1 ppm. The RH was measured to
be <3% inside the chamber using a Vaisala RH-temperature
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probe (model HMT338). A N,05/N, mixture was then flushed
into the same reaction chamber using a flow of dry synthetic air,
yielding concentrations of 0.2-0.9 ppm N,Os whose thermal de-
composition generated NOj; radicals. The N,O5 was synthesized
from the reaction of NO, with O; followed by trapping in a dry
ice-acetone bath and pumping to remove O,. Further details
about the reactants are available (11). After a reaction time of
5 min, PEG particles were added to the Teflon® reaction cham-
ber. The collection of the particles onto a quartz-fiber filter began
after 10 min to allow the partitioning of the gas-phase organic
nitrate product onto the PEG liquid particles to occur. The size
distributions of the particles were also recorded using SMPS.

Evaluation of the Model-Predicted Gas-Phase Concentrations of Organ-
ic Nitrate Products. To evaluate the ability of the model to accurately
predict the total concentration of organic nitrate products,
measurements were performed at port 1 of the flow tube, and
compared to the Acuchem model-predicted concentrations for
both the organic nitrate products and N,Os. Gas-phase samples
were analyzed by long-path FTIR in a separate set of experiments
where the O; and o-pinene are kept constant at 3.4 x 10'3
moleculescm™ (1.4 ppm) and 2.5x 10" moleculescm™
(1.0 ppm), respectively, and where the NO, concentration varied
from 2.7 x 10" moleculescm™ to 1.5 x 10'* moleculescm™
(1.1-6.0 ppm). The long-path FTIR consisted of a Mattson Re-
search Series spectrometer equipped with a long-path glass cell
that had a base path of 1 m and an optical path of 64 m. Spectra
were recorded at 1 cm™! resolution with 400 co-added scans.
Samples were drawn in flow mode from the first port of the flow
tube (corresponding to a reaction time of approximately 13 min
between a-pinene and the NO, /O3 /N, O5 mixture). The gas-phase
concentration of N,O5 was quantified using the bands at 743 cm™!
[cross-section  determined to be (9.03 £ 0.26) x 107'° cm?
molecule™! in our laboratory] and 1,246 cm™! (cross-section re-
ported by Hallquist et al, ref. 16, to be 8.56x 107" cm?
molecule™!). Additionally, the organic nitrate products were quan-
tified using the band at 846 cm~! (characteristic of the RO-NO,
stretch of organic nitrates) and an absorption cross-section of
0.97 x 1078 cm® molecule™! (base 10). This value is the average
of the reported cross-sections for two of the major organic nitrates,
hydroxypinane nitrate and carbonyl hydroxypinane nitrate, formed
in the NOj; reaction (17).

S| Results and Discussion

Model-Predicted Gas-Phase Concentrations. A simplified 96-step
mechanism for the NO, + O3 + a-pinene system was developed,
and the rate equations integrated using Acuchem (18). The mod-
el was first run for the NO, + O; system alone. Their initial
concentrations were used in order to calculate the concentrations
of all of the species at the a-pinene addition inlet (corresponding
to a reaction time of 265 s for the NO, + Oj; system). The Acu-
chem model-predicted concentrations of NOj;, O3, and N,Os
(which acts as a reservoir for NOj; through its thermal decompo-
sition, N,O5 < NO; + NO,) are shown in Fig. S1 as a function
of the NO, initial concentration taken at the point of addition of
a-pinene. As the concentration of NO, increases, the concentra-
tion of O3 remaining at the a-pinene addition inlet decreases
from 3.2x 10" to 1.1 x 10"® moleculescm™ (1.3-0.45 ppm).
Acuchem also predicts that the NOj; radicals are mainly “stored”
as N, Os, whose concentration increases with the NO, initial con-
centration. The predicted concentrations of O3 and NOj; are used
to determine their relative contributions to the removal of
a-pinene at its point of addition. Under all conditions in which
NO, is present, NO; chemistry is the dominant oxidation process,
as shown in Table S1. In addition, Table S1 presents the model
results when the a-pinene chemistry is added (as specified in
the main text). The third column of Table S1 shows that the
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NOj; chemistry is sufficiently rapid that the reaction is >90% com-
plete in terms of a-pinene lost by port 1 (13 min reaction time).

The model is tested by comparing the measured concentra-
tions of the organic nitrates versus the model-predicted concen-
trations (corresponding to organic nitrates, APONO?2, see details
of the branching ratio in the text). As presented in Fig. S2, the
shape of the dependence of APONO2 concentration on the in-
itial concentration of NO, is in good agreement with the total
organic nitrate product concentrations measured by long-path
FTIR, suggesting that APONO2 is a good proxy for organic
nitrates. However, the model systematically overpredicts the
values of the organic nitrate product concentrations compared to
the measurements by long-path FTIR, which is expected due to
the loss of N,Os and organic nitrates on the walls of the flow
system and on the sampling lines that is not included in the box
model. In addition, an average absorption coefficient at 846 cm™!
for all organic nitrates of 9.7 x 107!° cm? molecule™! (base 10)
(17) is assumed. Comparison of the box model predictions and
measured organic nitrate concentrations shows that the true con-
centrations of the organic nitrates are 28.5% of the model-
predicted values. This correction factor is used in all further
calculations involving APONO2.

Particle Size Distributions. Results from SPLAT-II measurements
show that the FWHM of the 300-nm size-selected particle aero-
dynamic diameter distribution lies in the range of 6-6.5% for all
experiments, consistent with the particles being spherical (7). In
addition, particle density is size-independent and is not depen-
dent on NO, concentration. The average density of the particles
is 1.205 £ 0.01 (20)gcm™3 with NO, present, and 1.190 gem™3
for the ozone-only experiment. These densities are similar to
those reported for organic secondary organic aerosols (SOA)
formed from a-pinene ozonolysis (7, 19) as well as from a-pinene
photooxidation experiments (20). As a result, Eq. S3 (see above)
can be applied effectively to convert the aerodynamic diameters
from the APS into mobility diameters and a combined SMPS-
APS can be drawn. The resulting combination of the SMPS and
APS measurements is fit using a five-parameter Weibull distribu-

tion (21, 22) (Fig. S3):
x—x, [c—1\¢
7 ()

c—1\*
L

» { ‘x—xo c—1\¢e (c—l)} (S4]

exp b + ( . ) + - .

In Eq. S4, y is the particle number concentration (number per
cm™), x is the mobility diameter (d,, in nanometers) and, a, b,
¢, X, and y, are five fitting parameters. For each scenario, the
SMPS data are used up to 900 nm and data from the APS are
used above 1,000 nm. The five-parameter Weibull distribution
provides a better fit to the experimental data (2 = 0.83-0.99
for the Weibull distribution) than the log normal distribution
(r* = 0.78-0.98). Furthermore, the Weibull distribution has been
applied successfully to particle distributions in the past (23-26).

Fig. S4 summarizes the number and mass concentrations
(calculated using the densities measured by SPLAT-II and the
combined SMPS/APS distributions) as well as the geometric mean
diameters and geometric standard deviations for the number dis-
tributions at port 5. Results are shown for particles collected at
port 5 for comparison to the FTIR and filter data; however, in
experiments where NO, is present, the particle size distributions
observed at port 1 are similar to those reported for port 5.

It is noteworthy that both the geometric mean diameter and
the geometric standard deviation, a measure of the width of the
size distribution, are constant as the NO, concentration de-
creases to 1.1 ppm, and slightly decreases for 0.2 ppm NO,
(Fig. S4B). This absence of a dependence on the NO, concentra-

(e=1)
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tion is consistent with the ozonolysis of a-pinene being the domi-
nant source of new particle formation and growth. As the NO,
concentration available to react with Oj is decreased, the concen-
tration of unreacted O; increases at the point of addition of
the a-pinene; thus the concentration of low volatility ozonolysis
products (Prodl) increases and this leads to the formation of
more particles through homogeneous nucleation. However, as
the same processes and species are involved in all cases, the width
of the mass and number distributions remains the same.

Real-Time Aerosol Mass Spectrometry. Fig. S5 shows mass spectra
acquired using a HR-TOF-AMS (Fig. S5 A-D) and a SPLAT-II
(Fig. S5 E-H). Both instruments give similar mass spectra show-
ing extensive fragmentation that excludes chemical speciation.
Nevertheless, the average particle mass spectra in the presence
of NO, are similar to those from the ozonolysis, except that the
HR-TOF-AMS shows two additional peaks at m/z 30 and 46
primarily from NO* and NO,*, whereas SPLAT-II primarily
shows the peak at m/z 30. The HR-TOF-AMS data are consistent
with previous studies of organic nitrates in SOA (10, 27-29)
where the relatively high NO*/NO, " ratio is due to the thermal
decomposition of organic nitrates under the applied vaporizer
temperature (230 °C) (30-32) to form in part (RO + NO,). The
high-resolution AMS analysis does not reveal any C,H,N,* ions
(organonitrogen ions without oxygen), HNO, " ions, NH, " ions,
nor ions containing more than one nitrogen in these experiments,
but additional minor C,H,O,N* fragments are identified. How-
ever, these fragments contribute less than 5% to the measured
sum (NO* +NO,* + C,;H,O,N").

The HRTOF-AMS data are analyzed to estimate N/H ratios
using the approach of Aiken et al. (33). As described elsewhere
(10), the N/H ratio from AMS should be equal to the n(_ono,)/
n(_cn) Tatio estimated from the FTIR spectra, where the ratio of
—ONO, to —C-H groups is estimated from the infrared spectra
using the method described previously (10, 34) using the band at
1,280 cm™! (not subject to interference from overlapping peaks).
Table S2 compares these two ratios as a function of the initial
concentration of NO,. The N/H ratios range from 0.016 to 0.057,
whereas the n(_ono,)/n(-cn) ratios vary from 0.04 to 0.11 when
NO, is present. As discussed previously by Bruns et al. (10), the
HR-TOF-AMS systematically underestimates the N/H ratios by
factors of 2 to 3 compared to FTIR. A similar discrepancy has
been reported using organic standards where the N/H ratios cal-
culated from HR-TOF-AMS data are lower by a factor of 1.3-3
compared to the known N/H ratios (28, 35). The likely source of
such a discrepancy is that fragmentation of organic nitrates in the
AMS produces neutral NO, species that are “silent” in the mass
spectrometer (10, 13, 14, 36, 37).

The high-resolution capability of the AMS can be used to es-
timate the O:C atomic ratio which is indicative of the oxidation
state of the SOA. As shown in Fig. S6, the O:C ratio is fairly
constant over the range of NO, concentration, with an average
of 0.34 £ 0.10 (£30% error as reported by Aiken et al., ref. 33),
suggesting that the average bulk composition of the SOA is not
changing dramatically as NO, varies. Although the contribution
of the individual products to the bulk may change somewhat with
NO,, the HR'TOF-MS and SPLAT-II spectra, and the O:C ratio
do not indicate large changes in product distribution. The largest
changes in the HR'TOF-MS are at m/z 44 (C,H,O" + CO,™)
and m/z 55 (C;H;0%) where the relative intensities increase
by a factor of 2 to 3 as the NO, decreases to zero. These peaks
are attributed to oxidized products such as carboxylic acids that
dominate in the ozonolysis reaction. All other peaks changed by
less than 25%.

Quantification of the Particulate Organic Nitrate Products. The mass

concentration of organic nitrates in the particles (F;, pg per m? of
air) is determined from LC-UV analyses using the sum of the
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areas of the peaks (3 AapoNozpeaks) N the LC chromatogram
(Fig. S7) and Eq. S5

V 1 1
F;, = A ) —— |MW
' {Z APONOZpeakS} (Vinj) <f’) (KAPONOZ) APONO2

[S5]

where V., (microliters) is the final volume of the filter extract,
Vs (microliters) is the injection volume into the LC-UV instru-
ment, f (m? min~!) is the air sample flow rate, ¢ (minutes) the
sampling time, and MW spono2 (220 X 106 pgmol~') is the aver-
age molecular weight of the organic nitrates based on a previous
study (11). Kapono2 (area mol™') is the molar calibration factor
determined using a 2-ethylhexyl nitrate standard (2-EHN) in
acetonitrile which has a peak at f, =43 min. From a previous
study, hydroxypinane nitrate, oxo-pinane nitrate, and carbonyl
hydroxypinane nitrate species are expected products and these
may not have the same calibration factor as 2-EHN (11). For ex-
ample, Matsunaga and Ziemann (14) reported relative absorptiv-
ities of 0.412, 0.964, and 0.608 compared to 2-EHN for authentic
samples of p-hydroxynitrate, dihydroxynitrate, and trihydroxyni-
trate compounds from the oxidation of 2-methyl-alkenes. How-
ever, the absolute value of K ypono, Will not affect the conclusions
reached in the present study regarding the gas-particle partition-
ing of organic nitrates.

Gas/Particle Partitioning of Organic Nitrates. Activity coefficients
(¢;) can be estimated from Eq. S6) if F;, 4;, M, MW, and
pf,; are known (38, 39),

RT RT

- Mwom 1 O6szKp-i a MWomloep(i.i (%)

Gi ; [Se6]

where R is the gas constant and 7 is the temperature. The con-
centrations F; and A; (pg per m? of air) of compound i in the aero-
sol and gas-phase are determined from the LC-UV analysis and
the gas-phase kinetics model (4; = [APONO2]—F;, where
[APONO?2] is the corrected concentration defined above), re-
spectively. The total mass (micrograms) of particles per cubic me-
ter of air, M, is known from the SMPS and APS measurements
described earlier. The temperature is set at 295 K and MW,
at 200 gmol~! (which is the average molecular mass of the SOA
material). The vapor pressure, p? ; = 1.17 X 10~® atm, is an aver-
age vapor pressure of organic nitrates identified earlier for the
NO; reaction with a-pinene (11).

Using these parameters, the values of ; calculated from Eq. S6
decrease systematically from 7 to 0.5 as the NO, concentrations
increased from 0.2 to 6.3 ppm. Activity coefficients are often
assumed to be unity, but values ranging from less than one to
approximately 10> have been reported (40). The values depend
on the nature of both the compound and the matrix in which it
is dissolved (41). As discussed earlier, the HR- TOF-AMS and
SPLAT-II data show a similar mass spectral pattern to that from
the ozonolysis reaction at all NO, concentrations with the addi-
tion of peaks due to organic nitrates. Thus, the overall bulk com-
position of the SOA does not change significantly. Similarly, the
LC-UV data show that the nature of the organic nitrate products
remains constant with the NO, concentration (the intensity of
each peaks relative to each other did not change as the NO,
varies). Thus, the activity coefficients for the organic nitrates in
the particles are not expected to vary significantly, nor systema-
tically, with the NO, concentration, supporting the conclusion
that the variation of F;/M with A; is not due to variations in {;.

As discussed in the text, the contribution of organic nitrates to
the particle composition is not consistent with equilibrium parti-
tioning into a liquid particle, but rather, with a kinetically limited
uptake from the gas-phase to the particles. The excellent agree-
ment between the predicted contribution of organic nitrates to
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the particles and the measured values is seen in Fig. S8; this plot
of the predicted mass fraction of organic nitrates in particles cal-
culated using yAPONO2/yProdl — 0016 versus the experimental
measurements shows they are highly correlated over all experi-
mental conditions.

Three-Dimensional Airshed Model Calculations Using the University of
California, Irvine/California Institute of Technology (UCI-CIT) Model.
The UCI-CIT airshed model is a regional air quality model. It has
a state-of-the-art chemical mechanism and gas-particle transport
modules accounting for organic species partitioning in both the
organic and aqueous phase (42). The modeling domain for this
study is the South Coast Air Basin of California, discretized with
resolutions of 5 x 5 km in the horizontal direction, and five ver-
tical layers reaching up to 1,100 m in the vertical direction, a max-
imum boundary layer height developed as based on historical
data. The simulation episode is from July 2005, which is part of
Study of Organic Aerosols at Riverside campaign, a field study
funded by US Environmental Protection Agency and California
Air Resources Board (CARB). The corresponding emissions
inventory and the meteorological conditions were developed by
CARB. A 48-h spin-up period was used to generate the necessary
initial conditions at the beginning of each 24-h simulation scenario.

Initially, parent volatile organic compounds i (VOC;) that can
form condensable organic compounds were identified, taking into
account several generations of oxidized products. The partition-
ing of SOA in the base case was first assumed to reach instanta-
neous equilibrium governed by the equilibrium constant, K,
where the aerosols in the condensed phase are allowed partition
back into the gas phase. These same condensable lumped organic
compounds were thus used in the new study case. The updated
method for the allocation between the gas and the condensed
phase was kinetics driven, and once a product was in the con-
densed phase, it was not allowed to evaporate back into the gas
phase. The kinetically determined SOA production pathway was
parameterized with a set of reactions as

parent VOC; + oxidantiﬂiSOA + (1 — B;) gas-phase products.
[S71

That is, a fraction p; of the reaction gives SOA directly, which is
equivalent to assuming that the low-volatility products are irre-
versibly taken up into particles on a timescale that is fast com-
pared to the rate of product formation (43). The value of f;,
which corresponds to the yield of SOA, will be dependent on the
parent VOC,;, but for simplicity, a single value of g; is assumed.
This value of g; was then varied and f; = 0.5-0.6 was observed to
generate similar average SOA concentrations to those from field
measurements (44). Such large values of f; suggest an efficient
SOA formation from the precursors. Although yields of SOA
measured in laboratory studies cover a wide range, there remains
considerable controversy regarding their true values in ambient
air (45). Clearly there is a need for more laboratory measure-
ments to provide the net uptake coefficient of typical semivolatile
organic compounds (SVOCs) found in the atmosphere onto SOA
formed from the oxidation of a variety of gas precursors. We re-
cognize that our initial approach does not account for formation
of SOA from secondary pathways in the course of VOC oxidation,
slow evaporation from the particles (46-48), or contributions
from unrecognized VOC precursors (49-51), all of which will also
affect SOA formation. In addition, this modeling exercise as-
sumes that equilibrium between the gas phase and particles does
not occur, whereas under some conditions in laboratory studies
and ambient air, equilibrium between gases and particles may be
achieved. However, this equilibrium will be on long timescales if
the particles are not liquid; if the timescale is longer than the life-
time of the particles, then equilibrium will not be attained.
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Fig. S3. Combined SMPS-APS size distributions of particles as a function of NO, concentration from (A) 6.3 ppm to (E) 0.2 ppm. F shows data from the ozo-
nolysis of a-pinene with 1.6 ppm Os. Measurements were made at port 5 of the flow tube (ca. 52 min reaction time between a-pinene and the NO,/O3/N,O5
mixture) except for D, where only SMPS data from port 1 were available (ca. 13 min reaction time between a-pinene and the NO,/O3/N,Os mixture). When
simultaneous measurements were made at port 1 and port 5 for the NO, + O3 system, the measured distributions were similar.
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Fig. S6. Oxygen to carbon atomic ratio from the high-resolution data analysis of the AMS spectra as a function the initial concentration of NO, (which
determines the NOj3 radicals available to react with a-pinene). The dotted line represents the average O:C ratio of 0.34. The error bars on the O:C ratio
are 30% based on Aiken et al. (33).
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Fig. S7. Typical LC-UV chromatogram of a filter extract obtained from an experiment with NO, = 2.4 ppm. Filters were extracted using 2 mL acetonitrile and
analyzed by LC-UV using a detection at 4 = 210 nm, specific to organic nitrates. Because separation of the individual organic nitrate products was not achieved
under the applied chromatographic conditions, GRAMS/AI8 spectral data processing software (Thermo Electron Corp.) was used to curve fit the trace. It is
noteworthy that the resulting number of peaks fitted may not correspond necessarily to the number of individual organic nitrate products. From a previous
study (11), three of the peaks should correspond to hydroxypinane nitrate, oxo-pinane nitrate, and carbonyl hydroxypinane nitrate, but the other peaks remain
unassigned. Nevertheless, all the peaks had UV spectra characteristic of organic nitrates, and no peaks were observed at these retention times in the solvent
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Fig. $8. Model-predicted mass fraction of organic nitrates in particles using relative uptake coefficients yAPONO2 /,Prod1 — 0 016 compared to the experimen-
tally measured values. The model-predicted mass fraction of organic nitrate were estimated using [APONO2] and [Prod1] from the box model, and

MW apono2 = 220 g mol~" (26) and MWp,oq; = 200 gmol-'). The 1:1 slope supports the derived value of 0.016 for the relative uptake coefficients.

Table S1. Model-predicted kinetics and loss of a-pinene at port 1

Initial [NO;], Predicted kinetics at the a-pinene addition inlet: % of a-pinene
10" moleculescm—3or [ppm] ’%72?# unreacted at port 1
NO; experiments, with [O3], = 1.4 ppm

1.6 [6.3] 42 0.03
0.59 [2.4] 31 0.16
0.42 [1.7] 30 0.91
0.27 [1.1] 29 3.9
0.05 [0.2] 28 9.0

O3 experiments, with [O3], = 1.6 ppm
0.00 0 6.8

Rate constants kN3 (6.2 x 10~'2 cm3 molecule~"s~') and k©: (9.0 x 107 cm3 molecule~'s~') from Atkinson et al.

(1) and NO; and Os concentrations from the model-predictions at the point of addition of a-pinene.

1. Atkinson R, et al. (2006) Evaluated kinetic and photochemical data for atmospheric chemistry: Volume Il—gas-phase reactions of organic species. Atmos Chem

Phys 6:3625-4055.

Table S2. Quantification of nitrogen in particles from high-
resolution AMS analysis and from FTIR spectra analysis

Initial [NO,], HR-TOF-AMS* FTIR*
10" moleculescm=3or [ppm] N/H N(—oNo,) /N (-cH)
NOs experiments, with [O3], = 1.4 ppm
1.6 [6.3] 0.057 0.11
0.59 [2.4] 0.030 0.077
0.42 [1.7] 0.046 0.089
0.27 [1.1] 0.047 0.081
0.05 [0.2] 0.016 0.040

O3 experiments, with [Os], = 1.6 ppm
0.00 0.004 0

*The ratios measured by these two approaches are expected to be
the same.

Perraud et al. www.pnas.org/cgi/doi/10.1073/pnas.1119909109

10 of 10


http://www.pnas.org/cgi/doi/10.1073/pnas.1119909109

