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Abstract

Secondary organic aerosol (SOA) are important components in atmospheric processes
and significantly impact human health. The complexity of SOA composition and
formation processes has hampered efforts to fully characterize their impacts, and to
predict how those impacts will be affected by changes in climate and human activity.
Here, we explore SOA formation in the laboratory by coupling an environmental
chamber with a suite of analytical tools, including a gas-phase mass spectrometry
technique that is well suited for tracking the hydrocarbon oxidation processes that drive
SOA formation. Focusing on the oxidation of isoprene by the nitrate radical, NO3, we
find that reactions of peroxy radicals (RO;) to form ROOR dimers is an important
process in SOA formation. The other gas-phase products of these RO, reactions differ
from what is expected from studies of simpler radicals, indicating that more studies are
necessary to fully constrain RO, chemistry. Finally, we examine the role of
heterogeneous oxidation as a sink of organic aerosol and a source of oxygenated volatile

organic compounds in the free troposphere.
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Chapter 1

Introduction



Aerosols, liquid or solid particles suspended in air, are important components of
the Earth’s atmosphere. They affect the Earth’s radiative balance both directly, through
shortwave scattering and longwave absorption, and indirectly, through cloud formation,
with consequences for global climate. Clouds in turn also impact atmospheric chemistry
through their role in affecting photolysis reactions and mediating aqueous phase reactions
that significantly alter the fate and distribution of trace gases (Cohan et al., 1999; Mari et
al., 2000; Tie et al., 2003; Ervens et al., 2004; Sorooshian et al., 2006). Aerosols have
also been implicated in respiratory and cardiovascular disease (Harrison and Yin, 2000;
Davidson et al., 2005; Pope and Dockery, 2006).

Fully assessing aerosols’ impact on the environment, and predicting future
impacts driven by changes in emissions and climate, requires an understanding of aerosol
sources, sinks, and composition that is currently lacking. Models of global aerosol
burdens routinely underpredict field measurements (de Gouw et al., 2005; Heald et al.,
2005; Volkammer et al., 2006), while analytical techniques have identified only ~ 10% of
the mass of organic aerosols (Hallquist et al., 2009). Although aerosols are complex
mixtures of inorganic (primarily sulfate) and organic components (Murphy et al., 2006;
Zhang et al., 2007), most of the current uncertainties surrounding aerosol are probably
linked to the organic portion, which is the more abundant fraction. Sulfur budgets have
fewer uncertainties — estimates of global sufur budgets are constrained to a factor of 2
(Barrie et al., 2001) — and less variation in chemical speciation than organic carbon.

Organic aerosol can be catergorized as either primary (POA), i.e., directly emitted
into the atmosphere, or secondary (SOA), i.e., formed from gaseous precursors, with

SOA believed to be dominant (Goldstein and Galbally, 2007; Robinson et al., 2007;



Donahue et al., 2009; Hallquist et al., 2009). Currently, models apply laboratory
determinations of SOA yields (aerosol mass formed divided by mass of precursor
reacted) and precursor emission inventories to predict aerosol burdens. The significant
underestimation by models can thus be due to many factors, including missing or
underestimated precursor volatile organic compounds (VOCs) (Lewis et al., 2000; Di
Carlo et al., 2004; Holzinger et al., 2005; Hamilton et al., 2009), missing SOA formation
pathways such as heterogeneous esterification and polymerization reactions (Iinuma et
al., 2004; Surratt et al., 2006, 2007ab, 2008), or that laboratory conditions are not
representative of the atmosphere with respect to certain crucial parameters (Kroll and
Seinfeld, 2008; Hallquist et al., 2009).

Increased understanding of SOA formation processes will help resolve the current
discrepancy between models and measurements. Experimental studies of SOA typically
fall into one of three complementary categories: flow tube studies, environmental
chamber studies, and field studies. Flow tube studies are useful for isolating individual
reaction pathways and quantifying fundamental parameters such as rate constants and
accommodation coefficients, but are typically performed on too short a time scale (~
seconds) to capture the chemical aging processes relevant to SOA formation. Field
studies represent real atmospheric conditions, but important conditions such as emissions,
wind patterns, and temperature are uncontrolled, which complicates data interpretation,
and important species in both the gas and aerosol phases are often at low concentrations,
which presents analytical challenges. Environmental chambers bridge these two scales,
facilitating studies under conditions that are more atmospherically relevant than those of

flow tubes and more controlled than those of field studies. Chamber studies also have



limitations; for example, they are usually performed at reagent concentrations that are
higher than ambient, which can affect both the thermodynamics and kinetics of SOA
formation (Odum et al., 1996; Presto and Donahue, 2006; Chan et al., 2007; Kroll et al.,
2007), and most chambers can only run experiments that last about 1 day, which may not
capture all processes relevant to SOA formation and loss. Nonetheless, in concert with
other experimental and modeling techniques, they can provide important insights into
SOA formation.

When performing chamber studies, the complexity of SOA precursors,
components, and formation mechanisms necessitates having a wide suite of
instrumentation to provide multiple, complementary perspectives on the evolution of gas
and particle phase species during an experiment, as there is no single instrument that is
capable of providing a complete characterization. A recent addition to the instrumental
suite of the Caltech environmental chamber is a chemical ionization mass spectrometer
(CIMS) (Crounse et al., 2006), which utilizes the CF;0" ion to selectively cluster
compounds with high fluorine affinity. Two characteristics of the CIMS make it
particularly suited for SOA studies. First, unlike common ionizing agents such as
electrons or protons, CF30 ionizes “softly,” i.e., with minimal fragmentation of the
analyte, so that the analyte’s mass can be determined unambiguously. Second, polar
compounds, such as acids, peroxides, and multifunctional carbonyls, have high fluorine
affinity and are thus detectable by the CIMS. As VOC:s are oxidized, they tend to gain
polarity which in turn lowers their vapor pressure. Therefore, the CIMS provides

previously missing information about the sources and fate of polar compounds which are



important components of VOC degradation mechanisms and key intermediates to SOA
formation.

The selectivity, versatility, and time resolution of the CIMS makes it a good
alternative to other techniques that measure a similar set of compounds. Acid and
peroxide measurements typically involve collecting samples in water, which are then
analyzed with chromatographic separation (Cofer et al., 1985; Lee et al., 1995). These
techniques involve significant sample handling, which increase the chance of artifacts,
and have poor time resolution. Nitrates, which are important VOC oxidation products in
anthropogenically influenced environments, are often measured with Fourier transform
infrared (FT-IR) (Barnes et al., 1990; Skov er al., 1992; Bernt and Bdge, 1997), or
thermal dissociation-laser induced fluorescence (TD-LIF) (Perring et al., 2009; Rollins et
al., 2009), which measure only total nitrate, but don’t speciate between different nitrate
compounds.

The following work demonstrates insights into SOA formation and VOC
degradation mechanisms that have been gained by coupling the CIMS to the Caltech
environmental chamber. It focuses on studies of the reaction between the nitrate radical
(NO3) and isoprene (CsHg). Isoprene is a highly reactive VOC and is the most abundant
VOC in the atmosphere after methane. Because of its reactivity and abundance, it is an
important compound in atmospheric oxidation chemistry, and in the last decade it has
also been recognized as an important source of SOA during photooxidation (i.e., daytime
oxidation by OH, the hydroxyl radical). Its nighttime chemistry has been studied less
extensively, so studies with the NOj3 radical, an important nighttime oxidant, are

important to fully understand its fate and impact in the atmosphere.



In the following chapter, we demonstrate that the NOs-initiated oxidation of
isoprene can produce a significant yield of SOA, and that a key parameter in determining
the yield is the fate of the peroxy radical (RO,) that forms in the initial oxidation step. In
particular, if an RO, reacts with another RO,, it can dimerize into an ROOR compound,
which is an efficient pathway for lowering vapor pressure.

Next, we perform a detailed gas-phase product study of RO,-RO; reactions in the
isoprene-NOj3 system. Despite the potential importance of RO,-RO; reactions, only a
limited suite of these reactions has been studied due to experimental challenges. In these
studies, the RO, are typically small (< Cs) and are alkyl-, hydroxy-, acetyl-, or
halogenated peroxy radicals. No studies of large, nitrooxy, or allylic peroxy radicals,
such as those in the isoprene-NOj3 system, have been performed, and our study shows that
these peroxy radicals lead to a significantly different product distribution than what is
suggested by previous work, indicating that more studies on a greater variety of peroxy
radical reactions are necessary to produce accurate chemical models.

Finally, the fate of organic aerosols after emission or formation are also
important, so we speculate on organic aerosol sinks using data from the airborne NASA
INTEX-NA field campaign. Specifically, we examine heterogeneous oxidation by OH,
03, and H,0, as a potential source of oxygenated VOC into the upper troposphere, which

is another current controversy in atmospheric chemistry.
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Chapter 2

Secondary organic aerosol formation from reaction of isoprene

with nitrate radical

! Adapted from Ng, N. L., Kwan, A. J., Surratt, J. D., Chan, A. W. H., Chhabra, P. S., Sorooshian, A., Pye,
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(SOA) formation from reaction of isoprene with nitrate radicals (NO;), Atmospheric Chemistry and
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Abstract

Secondary organic aerosol (SOA) formation from the reaction of isoprene with
nitrate radicals (NOs) is investigated in the Caltech indoor chambers. Experiments are
performed in the dark and under dry conditions (RH < 10%) using N»Os as a source of
NOs radicals. For an initial isoprene concentration of 18.4 to 101.6 ppb, the SOA yield
(defined as the ratio of the mass of organic aerosol formed to the mass of parent
hydrocarbon reacted) ranges from 4.3% to 23.8%. By examining the time evolutions of
gas-phase intermediate products and aerosol volume in real time, we are able to constrain
the chemistry that leads to the formation of low-volatility products. Although the
formation of ROOR from the reaction of two peroxy radicals (RO,) has generally been
considered as a minor channel, based on the gas-phase and aerosol-phase data it appears
that RO, + RO, reaction (self reaction or cross-reaction) in the gas phase yielding ROOR
products is a dominant SOA formation pathway. A wide array of organic nitrates and
peroxides are identified in the aerosol formed and mechanisms for SOA formation are
proposed. Using a uniform SOA yield of 10% (corresponding to M, = 10 pg m™), it is
estimated that ~2 to 3 Tg yr'' of SOA results from isoprene + NO;. The extent to which
the results from this study can be applied to conditions in the atmosphere depends on the

fate of peroxy radicals in the nighttime troposphere.

2.1 Introduction
Isoprene has the largest emissions of any non-methane hydrocarbon (~500 Tg yr
" (Guenther et al., 1995; Guenther et al., 2006). In the troposphere, isoprene reacts with

hydroxyl radicals (OH), ozone (O3), and nitrate radicals (NO3). Owing to its high



concentration and reactivity with OH radicals, isoprene plays an important role in the
photochemistry occurring within the atmospheric boundary layer. Recently, it has been
shown that the photooxidation of isoprene leads to the formation of low volatility species
that condense to form SOA (Claeys et al., 2004; Edney et al., 2005; Kroll et al., 2005;
Dommen et al., 2006; Kroll et al., 2006; Surratt et al., 2006); SOA yields as high as ~ 3%
have been observed (Kroll et al., 2005; Kroll et al., 2006). Global SOA production from
isoprene photooxidation has been estimated to be about 13 Tg yr' (Henze et al., 2007).

Although emission of isoprene from vegetation is triggered by sunlight and
increases with light intensity and temperature (e.g., Sharkey et al., 1996), the isoprene
mixing ratio has been observed to peak in early evening in several field studies, with a
measured mixing ratio up to a few ppb (Curren et al., 1998; Starn et al., 1998; Stroud et
al., 2002; Steinbacher et al., 2005). After sunset, the isoprene mixing ratio drops rapidly,
and it has been suggested that the reaction with nitrate radicals, NOs, is a major
contributor to isoprene decay at night (Curren et al., 1998; Starn et al., 1998; Stroud et al.,
2002; Steinbacher et al., 2005). Typical NO; radical mixing ratios in boundary layer
continental air masses range between ~10 to ~100 ppt (Platt and Janssen, 1995; Smith et
al., 1995; Heintz et al., 1996; Carslaw et al., 1997). Concentrations as high as several
hundred ppt have been observed over northeastern USA and Europe, however (Platt et
al., 1981; von Friedeburg et al., 2002; Brown et al., 2006; Penkett et al., 2007). Given the
rapid reaction rate between isoprene and NOj radicals (knoz = 7 X 10"® cm® molecule™! s™
at T=298 K, IUPAC), it is likely that NOs radicals play a major role in the nighttime

chemistry of isoprene.



The kinetics and gas-phase products of the isoprene-NOj reaction have been the
subject of several laboratory and theoretical studies (Jay and Stieglitz, 1989; Barnes et al.,
1990; Skov et al., 1992; Kwok et al., 1996; Berndt and Boge, 1997; Suh et al., 2001;
Zhang et al., 2002; Fan et al., 2004). In many studies, Cs-nitrooxycarbonyl is identified
as the major first-generation gas-phase reaction product (Jay and Stieglitz, 1989; Skov et
al., 1992; Kwok et al., 1996; Berndt and Boge, 1997). Other compounds such as Cs-
hydroxynitrate, Cs-nitrooxyhydroperoxide, and Cs-hydroxycarbonyl have also been
identified (Kwok et al., 1996); Cs-hydroxynitrate has also been measured in ambient air
with concentrations in the lower ppt range at a few ng m™ (Werner et al., 1999).
According to the experimental study by Barnes et al. (1990), the yield for nitrate-
containing compounds from the reaction of isoprene and NOj3 radicals can be as high as
80%. A recent modeling study in conjunction with observations from the ICARTT field
campaign suggests that ~50% of the total isoprene nitrates production occurs via reaction
of isoprene and NO; radicals (Horowitz et al., 2007).

Little is known beyond the formation of the first-generation products of the
reaction of NOs with isoprene. The isoprene nitrates and other first-generation products
still contain a double bond, and it is likely that the further oxidation of these species will
lead to low volatility products that can contribute to SOA formation at nighttime.

In this work, SOA formation from the reaction of isoprene with NOj; radicals is
investigated. Laboratory chamber experiments are performed in the dark using N,Os as a
source of NOs radicals. Aerosol yields are obtained over a range of initial isoprene
concentrations (mixing ratios). By examining the time evolutions of aerosol volume and

different intermediate gas-phase products, we are able to constrain the chemistry that



leads to the formation of low-volatility products. Mechanisms for SOA formation are

proposed and chemical composition data of the SOA formed are also presented.

2.2 Experimental

Experiments are carried out in the Caltech dual 28 m’ Teflon chambers. A
detailed description of the facility is provided elsewhere (Cocker et al., 2001; Keywood
et al., 2004). Before each experiment, the chambers are flushed continuously for over 24
h. Aerosol number concentration, size distribution, and volume concentration are
measured by a Differential Mobility Analyzer (DMA, TSI model 3081) coupled with a
condensation nucleus counter (TSI model 3760). All aerosol growth data are corrected
for wall loss, in which size-dependent particle loss coefficients are determined from inert
particle wall loss experiments (Keywood et al., 2004). Temperature, relative humidity
(RH), O3, NO, and NOy are continuously monitored. Experiments are performed in the
dark at room temperature (20-21°C) and under dry conditions (RH < 10%).

In most experiments, seed aerosols are introduced into the chamber to act as a
substrate onto which the gas-phase products may condense. Seed aerosols are generated
by atomizing an aqueous solution with a constant-rate atomizer. The seed solution
consists 0of 0.015 M (NH4),SO4. In a few experiments, acidic seed is used, consisting of
0.03 M MgSO4and 0.05 M H,SO,. The initial particle number concentration is ~20,000
particles cm™, with a geometric mean diameter of ~50 nm. The initial seed volume is 10-
12 pm® cm™. In some experiments, no seed particles are added and aerosols are formed
via nucleation. After introduction of the seed aerosols (in seeded experiments), a known

volume of isoprene (Aldrich, 99%) is injected into a glass bulb and introduced into the



20

chamber by an air stream. The mixing ratio of isoprene is monitored with a gas
chromatograph equipped with a flame ionization detector (GC-FID, Agilent model
6890N). The column used is a bonded polystyrene-divinylbenzene based column (HP-
PLOT Q, 15 m % 0.53 mm, 40 um thickness, J&W Scientific). The oven temperature is
held at 60°C for 0.5 min, ramped at 35°C min™ to 200°C, and held constant for 3.5 min.
The thermal decomposition of N,Os serves as a source of NOs radicals in these
experiments. N,Os is prepared and collected offline by mixing a stream of nitric oxide

(299.5%, Matheson Tri Gas) with a stream of ozone in a glass bulb (Davidson et al.,

1978):
NO + 03 —> NO, + O, 2.1)
NO, + 05 = NO; + 0, (2.2)
NO; + NO; < N,0s (2.3)

Ozone is generated by flowing oxygen through an ozonizer (OREC model V10-0,
Phoenix, AZ) at ~1 L min™. The mixing ratio of ozone is measured by a UV/VIS
spectrometer (Hewlett Packard model 8453) to be ~2%. The flow rate of nitric oxide into
the glass bulb is adjusted until the brown color in the bulb disappears. The N,Os is
trapped for 2 h in an acetone-dry ice bath (approximately at -80°C; cold enough to trap
N>Os but not O3, as condensed O3 can explode upon warming and is extremely
dangerous) as a white solid, and stored between experiments under liquid nitrogen
temperature. Once the seed and isoprene concentrations in the chamber stabilize,
reaction is initiated by vaporizing N,Os into an evacuated 500 mL glass bulb and
introduced into the chamber with an air stream of 5 L min™". The amount of N,Os

injected is estimated based on the vapor pressure in the glass bulb, which is measured
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using a capacitance manometer (MKS); this amount corresponds to an initial mixing ratio
of ~1 ppm in the chamber. The thermal decomposition of N,Os forms NO, and NO3
radicals. Impurities in the N,Os starting material are quantified by FTIR spectroscopy
(Nicolet model Magna 550). N,Os is vaporized into an evacuated pyrex cell (18 cm in
length and 300 cm’) with CaF, windows. Spectra are collected immediately upon
addition over the 1000 cm™ to 4000 cm™ window allowing for quantification of NO,
(1616 cm™ band) and HNOs (3550 cm™ band) impurities.

A custom-modified Varian 1200 Chemical lonization Mass Spectrometer (CIMS) is
used to continuously monitor the concentrations of various gas-phase intermediates and
products over the course of the experiments. The CIMS instrument is operated mainly in
negative mode using CF3;O" as a reagent ion, which selectively clusters with compounds
having high fluorine affinity (e.g., acidic compounds and many hydroxy- and nitrooxy-
carbonyls), forming ions at m/z MW + 85. In some experiments, the CIMS instrument is
also operated in the positive mode using HO-H" as a reagent ion forming ions at m/z
MW + 1. The ionization schemes are as follows:

Negative chemical ionization: CF;0™ + HB --> CF;0™HB

Positive chemical ionization: H,O-H" + D --> D-H" + H,0O (where D has a proton affinity
> H,0)

The term “product ion” is used throughout this manuscript to describe the ionized
products formed through the above chemical reaction schemes. Typically, we scan from
m/z 50 to 400. More details about the CIMS technique are given in Crounse et al. (2006)
and Ng et al. (2007a). Because authentic standards are not available for the major

products, sensitivities are not experimentally determined. We estimate the collision rate
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of CF;0" with these products (which determines the sensitivity) with the empirical
method of Su and Chesnavich (1982), which bases its predictions on an analyte's dipole
moment and polarizability. Dipole moments and polarizabilities are calculated with the
Spartan06 quantum package, and are based on molecular structures optimized with the
B3LYP/6-31G(d) method. Further details on estimating CIMS sensitivities based on
quantum calculations are described in Paulot et al. (2008). As isomers would have
different polarities and hence different sensitivities, in estimating the concentrations it is
assumed that the NOj attack at C;-position to Cs-position is 5.5:1 (See Section 2.4.1).
Aerosol physical and chemical properties are monitored by many instruments.
Real-time particle mass spectra are obtained with an Aerodyne quadrupole Aerosol Mass
Spectrometer (Q-AMS) (Jayne et al., 2000). A Particle-Into-Liquid Sampler (PILS,
Brechtel Manufacturing, Inc.) coupled with ion chromatography (IC) is employed for
quantitative measurements of water-soluble ions in the aerosol phase (Sorooshian et al.,
2006). Duplicate Teflon filters (PALL Life Sciences, 47-mm diameter, 1.0-um pore size,
teflo membrane) are collected from a selected number of experiments for offline
chemical analysis. Filter sampling is initiated when the aerosol volume reaches its
maximum value. Depending on the total volume concentration of aerosol in the chamber,
the filter sampling time is 2-4 h, which results in ~2-5 m® of total chamber air sampled.
Teflon filters used for high-resolution electrospray ionization-time-of-flight mass
spectrometry (ESI-TOFMS) analysis are extracted in 5 mL of high-purity methanol (LC-
MS CHROMASOLV-Grade, Sigma-Aldrich) by 45 minutes of sonication. Methanol
sample extracts are then blown dry under a gentle N, stream (without added heat) once

the filters are removed and archived at —20 °C. Dried residues are then reconstituted with
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500 mL of a 1:1 (v/v) solvent mixture of 0.1% acetic acid in water (LC-MS
CHROMASOLV-Grade, Sigma-Aldrich) and 0.1% acetic acid in methanol (LC-MS
CHROMASOLV-Grade, Sigma Aldrich). All resultant filter extracts are analyzed by a
Waters ACQUITY ultra performance liquid chromatography (UPLC) system, coupled to
a Waters LCT Premier XT time-of-flight mass spectrometer (TOFMS) equipped with an
ESI source that is operated in the negative (—) ionization mode. Detailed operating
conditions for the UPLC/(—)ESI-TOFMS instrument have been described previously (Ng
et al., 2007a). A Waters ACQUITY UPLC HSS column is selected to separate the SOA
components because of its increased retention of water-soluble polar organics; separation
is achieved as a result of trifunctionally-bonded (T3) C;g alkyl residues on this column,
which prevent stationary phase collapse when a 100% aqueous mobile phase is used and
result in better retention of water-soluble polar organic compounds. In addition to the
UPLC/(-)ESI-TOFMS analysis, all remaining Teflon filters are extracted and analyzed
for total peroxide content (sum of ROOR and ROOH) by using an iodometric-
spectroscopic method (Docherty et al., 2005; Surratt et al., 2006).

To study the mechanism of SOA formation, in several experiments the
experimental protocols are slightly modified: (1) An excess amount of isoprene (relative
to N>Os concentration) is injected into the chamber to prevent the further reaction of first-
generation gas-phase products, allowing these products to be detected more readily; (2)
After the addition of isoprene, pulses of N,Os are introduced into the chamber to study
the evolution of different intermediate gas-phase products; (3) With isoprene well mixed
in the chamber, N,Os is introduced slowly to maximize the self-reaction of peroxy

radicals (see section 2.4.2). This is achieved by first injecting N>Os into a 65 L Teflon
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bag; then an air stream of 1 L min™ is passed through the Teflon bag to introduce N,Os
into the chamber over a 7-h period. We refer to this as the “slow N,Os injection
experiment”; and (4) With N,Os well mixed in the chamber, isoprene is introduced
slowly to maximize the reaction between peroxy radicals and nitrate radicals (see section
2.4.2). This is achieved by first injecting isoprene into a 65 L Teflon bag, and then
introduced into the chamber with an air stream of 1 L min™' for 7 h. We refer to this as
the “slow isoprene injection experiment”.

Experimental conditions and results are given in Table 2.1. In calculating SOA
yield (defined as the ratio of the organic aerosol mass formed to the mass of parent
hydrocarbon reacted), knowledge of the SOA density is required. By comparing volume
distributions from the DMA and mass distributions from the Q-AMS, the effective

density for the SOA formed can be estimated (Bahreini et al., 2005; Alfarra et al., 2006).

2.3 Results
2.3.1 Blank experiments

Blank experiments are performed to ensure that the aerosol growth observed is
from the reaction of isoprene with NO; radicals. In these experiments, ~1 ppm N,Os is
introduced into chamber after the addition of ammonium sulfate seed aerosol (with no

. . . . 3 3
isoprene present). As shown in Figure 2.1, aerosol volume increases by ~2 um” cm

within an hour after the introduction of N,Os. About 2.5 pug m™ of inorganic nitrate is
measured by PILS/IC, which agrees well with the amount of nitrates detected by Q-AMS.
FTIR analysis indicates the presence of ~10% HNO; and 4% NO, impurity in the N,Os

prepared, thus the nitrates measured by PILS/IC and Q-AMS likely arise from the
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partitioning or reactive uptake of gas-phase HNOj into the aerosol phase, or HNO;
produced from heterogeneous hydrolysis of N,Os. As in the Q-AMS analysis, no organic

species are detected in the filter samples collected from these blank experiments.

2.3.2 Aerosol yields

A series of experiments with different initial isoprene concentrations are carried
out (these are referred to as “typical yield experiments” hereafter). The initial isoprene
concentration ranged from 18.4 to 203.4 ppb. Figure 2.2 shows the reaction profile of the
oxidation of an initial mixture containing 203.4 ppb isoprene. Since the chamber is NOx-
free at the beginning of the experiment, once N,Os is introduced into the chamber the
equilibrium in Reaction (2.3) favors the formation of NO;. This generates a relatively
high concentration of NO; radicals and results in rapid isoprene decay. Aerosol growth is
observed and aerosol volume continues to increase even after all the isoprene is
consumed. Owing to the rapid isoprene decay and the relatively long time between each
GC measurement (12 min), the isoprene decay over time is captured only in experiments
in which the initial isoprene concentration is > 100 ppb. Based on the observed isoprene
decay in these experiments and the isoprene-NOj; rate constant knos, the average NO3
concentration in the chamber is estimated to be ~140 ppt.

The SOA yield of each experiment (Table 2.1) is shown in Figure 2.3. The
density of the SOA is determined to be 1.42 g cm™. The amount of inorganic nitrate
detected by PILS/IC in each experiment ranges from 1.6 to 2.6 pg m™, which is
approximately equal to that measured in the blank experiments. In calculating SOA

yield, the organic aerosol mass is corrected for the amount of inorganic nitrate measured
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in each experiment. For convenience, SOA yields can be parameterized by a semi-
empirical model based on absorptive gas-particle partitioning of two semivolatile

products (Odum et al., 1996, 1997ab):

alKoml c¥21(
Y =AM .

. om.2 (2.4)
1+K,, M, 1+K

MO

om,]l om,2

in which Y is the aerosol yield, AM, is the organic aerosol mass produced, M, is the
organic aerosol mass present (equal to AM, in chamber experiments with no absorbing
organic mass present initially), ¢; is the mass-based gas-phase stoichiometric fraction for
semivolatile species i, and K, is the gas-particle partitioning coefficient for species i.
With this two-product model, Eq. (2.4) is fit to the experimental yield data (data with
AM,< 100 pg m'3) and the yield parameters obtained are: o = 0.089, o, = 0.203, K,y 1 =
0.182 m’ ug™, and K> = 0.046 m® pg”'. For an organic aerosol mass of ~10 pg m™, the
aerosol yield is ~10%.

Also shown in Figure 2.3 are aerosol yields from the slow isoprene/N,Os injection
experiments. Since the PILS/IC is not employed in these experiments, in calculating
SOA yields it is assumed that the amount of inorganic nitrate formed in these slow
injection experiments is roughly the same as that in other experiments. For the slow
isoprene injection experiment, no isoprene is observed by GC-FID, indicating that once
the isoprene enters the chamber, it is quickly consumed by reaction with NOs;. The time
profile of isoprene injection is obtained in a separate experiment, in which the same
amount of isoprene is added into the chamber without N,Os present. Assuming the
amount of isoprene injected into the chamber is the same as the isoprene reacted, the

amount of isoprene reacted over the course of the slow isoprene experiment can be
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deduced. As seen in Figure 2.3, the SOA yield from the slow N,Os injection experiment
is roughly the same as those in the other yield experiments; the yield from the slow
isoprene injection experiment, however, is lower.

The time-dependent “growth curves” (organic aerosol, AM, as a function of
hydrocarbon reacted, AHC) over the course of the slow N,Os injection experiment and
the slow isoprene injection experiment are shown in Figure 2.4. As hydrocarbon
measurements are made with a lower frequency than particle volume, the isoprene
concentrations shown are obtained by interpolating GC-FID measurements. In both
experiments about 40 ppb of isoprene is consumed, the only difference being the order of
isoprene/N,Os injection. From Figure 2.4 it is clear that as the reaction proceeds, more
aerosol is formed in the slow isoprene injection experiment for the same amount of
isoprene reacted. However, the final SOA yield under the slow N,Os injection conditions
is higher due to continued aerosol formation even after the complete consumption of
isoprene. The presence of a “hook™ at the end of the growth curve for the slow N»Os
injection experiment indicates that further reactions are contributing to aerosol growth
after isoprene is consumed (Ng et al., 2006). Higher generation products also contribute
to the aerosols formed in the slow isoprene injection experiment; however, their
contributions are not readily observed in the growth curve owing to the way the

experiment is conducted. This is further discussed in section 2.4.3.

2.3.3 Gas-phase measurements
The CIMS technique measures the concentrations of different gas-phase products

over the course of the experiments. A series of experiments is carried out to study the
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mechanisms of SOA formation by varying the relative amount of isoprene and N,Os
injected and monitoring the time evolution of the intermediate products. Shown in Figure
2.5 are the time profiles of three major gas-phase products and the corresponding aerosol
growth from the excess isoprene experiment. In this experiment, ~120 ppb of N,Os is
first injected into the chamber, followed by the introduction of ~800 ppb isoprene. The
initial concentration of isoprene is estimated based on the volume of the isoprene injected
and the chamber volume. Once isoprene is injected, a number of product ions are formed
immediately, with m/z 230, 232, and 248 being the most dominant ones. Several minor
product ions at m/z 185, 377, and 393 are also observed (not shown). With the presence
of excess isoprene, it is expected that the three major products detected are first-
generation products. Their further reaction is suppressed, as indicated by the relatively
constant concentrations of the product ions once they are formed. At the end of the
experiment, 725 ppb of isoprene is measured by GC-FID. A small amount of aerosol is
formed instantaneously, likely from the condensation of relatively nonvolatile first-
generation products, or from further generation products that are formed at a relatively
rapid rate.

To study further the evolution of the gas-phase products, an experiment is
performed in which pulses of N,Os are introduced into the chamber (with isoprene
present) (Figure 2.6). The top panel shows the isoprene decay and aerosol formation; the
middle panel shows the time profiles of the three major first-generation products (m/z
230, 232, and 248); the bottom panel shows the time profiles of three minor products (m/z
185,377, and 393). In this experiment, 179 ppb of isoprene is first injected into the

chamber, followed by the addition of 3 pulses of N,Os (~120, 50, 210 ppb). The
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observations after the addition of the first pulse of N>Os are similar to the excess isoprene
experiment described above. With the addition of ~120 ppb N,Os, 97 ppb of isoprene is
reacted away, m/z 230, 232, and 248 are formed with concentrations of 49.8 ppb, 26.1
ppb, and 17.3 ppb, respectively. Because of the lack of authentic standards, the
concentrations are uncertain. Because the sum of the ion concentrations derived from our
estimated sensitivities is equal to the reacted isoprene, our estimated sensitivity must
represent a lower limit for the actual sensitivity of the CIMS technique to these
compounds. Similar to the data in Figure 2.5, the concentrations of these product ions
stay relatively constant owing to the presence of excess isoprene. The minor products at
m/z 185, 377, and 393, are formed with the concentrations 1.4 ppb, 0.9 ppb, and 0.9 ppb,
respectively. It is noted that the m/z 393 ion is formed with a relatively slower rate than
all other product ions. A small amount of aerosol is observed. At¢= 15:40, a second
pulse of N2Os (~50 ppb) is introduced into the chamber and the remaining 82 ppb
isoprene is completely consumed. As seen from Figure 2.6, the concentrations of all
intermediate products increase accordingly and more aerosol is produced. The last pulse
of N2Os (~210 ppb) is added at £ =19:00. Since all isoprene has been consumed, the
additional NOj radicals react mainly with the first-generation products, as indicated by
the decay of m/z 230, 232, and 248, 185, 377, and 393 ions. Of all of the observed
products, it appears that m/z 232 and 377 ions are the most reactive with NO; radicals,
and their decays in excess NOs are strongly correlated with aerosol growth. The rest of
the product ions display relatively slower decay kinetics. The decay of the major product
ion at m/z 230 does not appear to correlate with aerosol growth, as the concentration of

the m/z 230 ion continues to decrease throughout the experiment but there is no further
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aerosol growth. Since the CIMS instrument has only 0.5 AMU resolution and it cannot
distinguish products of similar or identical molecular weight, it is likely that many of
observed ions comprise isomers formed from the NOj attack at different positions. The
fact that many of the observed product ions show two distinct decay time scales indicates

that these isomers have substantially different reactivity towards NO; radicals.

2.3.4 Chemical composition of SOA
2.3.4.1 Aerosol Mass Spectrometer (Q-AMS) measurements

Figure 2.7 shows the AMS spectrum of SOA formed in the typical yield
experiments. Each mass fragment is normalized by the total signal. The SOA exhibits
relatively high signals at m/z 30, 43, and 46. The signals at m/z 30 and 46 likely
correspond to NO" (30) and NO," (46) fragments from the nitrates in the aerosol. The
spectrum shown in Figure 2.7 is obtained when aerosol volume reaches its maximum
value; the spectrum obtained several hours after aerosol volume peaks shows minimal
changes in the mass fractions of different fragments, indicating that the aerosol
composition is not changing significantly over time.

Figure 2.8 shows the mass spectrum of the slow N,Os injection experiment versus
a typical yield experiment; Figure 9 shows the mass spectrum of the slow isoprene
injection experiment versus a typical yield experiment. As shown in both figures, the
mass fragments fall on the 1:1 line, suggesting a similar SOA composition under the
three different experimental conditions. At higher mass to charge ratios the plots drift

below the one-to-one line and it appears that the typical experiments have stronger
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signals at higher m/z's. However, the signals at these masses (>165) are strongly

dominated by noise and cannot be interpreted as differences between the spectra.

2.3.4.2 Offline chemical analysis

Figure 2.10 shows the representative UPLC/(—)ESI-TOFMS base peak ion
chromatograms (BPCs) for different types of experiments conducted. The numbers
denoted above the selected chromatographic peaks correspond to the most abundant
negative ions observed in their respective mass spectra. Comparison of the BPCs shown
in Figure 2.10 indicates that the compositions of the SOA are quite similar for the typical
yield experiment, slow isoprene injection experiment, and the acid seed experiment,
suggesting a common SOA formation pathway. The SOA composition from the excess
isoprene experiment, however, is different from these experiments. This will be
discussed further in section 2.4.4.

Accurate mass measurements for all ions observed by the UPLC/(—)ESI-TOFMS
technique for a typical yield experiment are listed in Table 2.2. The error between the
measured mass and theoretical mass is reported in two different ways, ppm and mDa.
Overall, the error between the measured and theoretical masses is found to be less than +
2 mDa and + 5 ppm, allowing for generally unambiguous identification of molecular
formulae. None of the listed ions is observed in solvent blanks and control filters. By
combining the elemental SOA composition (i.e., TOFMS suggested ion formula) data
and the gas-phase data from CIMS, structures for each of the SOA components are also
proposed. As shown in Table 2.2, the types of compounds formed included nitrooxy-

organic acids, hydroxynitrates, nitrooxy-organic peroxides (e.g., nitrooxy-
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hydroxyperoxides), and nitrooxy-organosulfates. It should be noted that the data
presented in Table 2.2 are also applicable to all other types of experiments conducted in
this study; however, none of the organosulfates are observed in the nucleation
experiments, consistent with previous work (Liggio et al., 2005; Liggio et al., 2006;
Surratt et al., 2007ab; linuma et al., 2007ab). Surprisingly, previously characterized
organosulfates of the 2-methyltetrols and the 2-methyltetrol mono-nitrates detected at m/z
215 and m/z 260 (not listed in Table 2), respectively, which are produced from the
photooxidation of isoprene in the presence of acidified sulfate seed aerosol (Surratt et al.,
2007ab; Gémez-Gonzalez et al., 2007), are also observed in the acid seed experiment
shown in Figure 2.10, suggesting that nighttime oxidation of isoprene in the presence of
acidic seed may also be a viable pathway for these known ambient tracer compounds.
Owing to the implementation of reverse-phase chromatography, the SOA
components that are more hydrophilic elute from the column the earliest, while the more
hydrophobic components elute the latest. It is clear from Table 2.2 that compounds with
the same carbon number and general functionality (i.e., carboxylic acid, alcohol, or
organosulfate), but differing number of nitrooxy groups, exhibit distinctly different
chromatographic behaviors. The presence of more nitrooxy groups appears to increase
the retention time of the SOA compound. For example, it is found that m/z 194 organic
acid compound (CsHgNO7 ) containing one nitrooxy group elutes earlier than that of the
m/z 239 organic acid compounds (CsH7N,Og ) containing two nitrooxy groups.
Similarly, the m/z 305 organosulfate (CsHoN>O;;S") elutes earlier than that of the m/z 349

organosulfate (CsHgN30,3S").
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SOA components that are either nitrooxy-organic acids or nitrooxy-organosulfates
are detected strongly as the [M — H] ion, consistent with previous work (Surratt et al.,
2006; Surratt et al., 2007ab; Gao et al., 2004ab; Gao et al., 2006), whereas the
hydroxynitrates and nitrooxy-hydroxyperoxides are detected as both the [M — H] and [M
—H + C,H40;] ions, with the latter acetic acid adduct ion, in most cases, being the base
peak ion (i.e., dominant ion). The acetic acid adduct ions for the hydroxynitrates and the
nitrooxy-hydroxyperoxides are formed owing to the presence of acetic acid in the UPLC
mobile phase. Previous studies have shown that non-acidic hydroxylated species (such as
the 2-methyltetrols) and organic peroxides formed from the photooxidation of isoprene
(Claeys et al., 2004; Edney et al., 2005; Surratt et al., 2006) are either undetectable or
yield weak negative ions when using (—)ESI-MS techniques. However, it appears that the
co-presence of nitrooxy groups in the hydroxylated SOA components allow for these
compounds to become acidic enough to be detected by the UPLC/(—)ESI-TOFMS
technique, or allow for adduction with acetic acid. Further confirmation for the presence
of organic peroxides in the isoprene SOA produced from NOs oxidation is provided by
the iodometric-spectroscopic measurements shown in Table 2.3. Based upon the
UPLC/(-) ESI-TOFMS measurements shown in Table 2.2, an average molecular weight
of 433 for the organic peroxides is assumed for the calculations shown in Table 2.3. The
contribution of organic peroxides to the SOA mass concentration is found to be fairly
reproducible for duplicate typical experiments (i.e., 8/22/07 and 10/24/07). The amount
of organic peroxides in the excess isoprene experiment is below detection limits. Owing

to the lack of authentic standards, there are large uncertainties associated with the
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quantification of these products in the aerosol phase. This is further discussed in section

2.44.

2.4 Gas-phase chemistry and SOA formation
2.4.1 Formation of various gas-phase products

As seen from Figure 2.5 and Figure 2.6, the three major first-generation products
formed from isoprene-NOjs reaction are the m/z 230, 232, and 248 ions. Since the CIMS
technique uses CF;O" (anionic mass 85 Da) as the reagent ion, compounds are detected at
a m/z value of their molecular weight (MW) plus 85. The product ions at m/z 230, 232,
and 248 likely correspond to Cs-nitrooxycarbonyl (MW 145), Cs-hydroxynitrate (MW
147), and Cs-nitrooxyhydroperoxide (MW 163). These products have been observed in
previous studies (Jay and Stieglitz, 1989; Skov et al., 1992; Kwok et al., 1996; Berndt
and Boge, 1997) and their formation from the isoprene-NOj3 reaction is relatively
straightforward (Figure 2.11). The reaction proceeds by NOj; addition to the C=C double
bond, forming four possible nitrooxyalkyl radicals depending the position of the NO3
attack. Previous studies suggest that NO3 radicals predominantly attack isoprene in the 1-
position, with a branching ratio (C;-position/Cy4-position) varying between 3.5 and 7.4
(Skov et al., 1992; Berndt and Boge, 1997; Suh et al., 2001). As mentioned before, the
average branching ratio (5.5:1) is used in estimating the sensitivities of the compounds
measured by CIMS. In Figure 2.11, only the nitrooxyalkyl radical formed from the C1
attack is shown. The nitrooxyalkyl radicals then react with O, to form RO, radicals,
which react further with HO,, RO,, or NO; radicals under the experimental conditions in

this study. The reaction of RO, radicals and HO; radicals leads to the formation of Cs-
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nitrooxyhydroperoxide (m/z 248). The reaction of two RO, radicals (self reaction or

cross reaction) has three different possible channels:

R02 + R02 —> 2RO + 02 (253)
— ROH + RCHO + O, (2.5b)
— ROOR + 0O, (2.5¢)

The second channel results in the formation of Cs-nitrooxycarbonyl (m/z 230) and Cs-
hydroxynitrate (m/z 232). According to channel (2.5b), these two products should be
formed with a 1:1 ratio; however, Cs-nitrooxycarbonyl can also be formed from alkoxy
radicals (alkoxy radicals formed through RO,+RO; reaction or RO,+NOjs reaction). In
Figure 2.6, 49.8 ppb of Cs-nitrooxycarbonyl and 26.1 ppb of Cs-hydroxynitrate are
formed after the addition of the first pulse of N,Os, indicating ~24 ppb of Cs-
nitrooxycarbonyl is formed from the reaction of alkoxy radicals. The branching ratios for
the reaction of small peroxy radicals have been investigated in previous studies. It is
found that the branching ratio for channel (5a) for methylperoxy and ethylperoxy radicals
is ~0.3-0.4 and ~0.6, respectively (Lightfoot et al., 1992; Wallington et al., 1992; Tyndall
et al., 1998). It is likely that the isoprene peroxy radicals react via this pathway to form
alkoxy radicals and contribute to the “extra” 24 ppb of Cs-nitrooxycarbonyl. This
observation is indicative that most RO, radicals react with other RO, radicals instead
with NOs or HO, radicals.

Other than Cs-nitrooxycarbonyl, Cs-hydroxynitrate, and Cs-
nitrooxyhydroperoxide, three other minor products (m/z 185, 377 and 393 ions) are also
observed as intermediate products. The proposed mechanisms for the formation of these

gas-phase products are also shown in Figure 2.11. Although channel (2.5¢) in the RO, +
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RO; reaction is found to be minor for small peroxy radicals such as methylperoxy and
ethylperoxy radicals (Kan et al., 1980; Niki et al., 1981; Niki et al., 1982; Wallington et
al., 1989; Tyndall et al., 1998; Tyndall et al., 2001), the product ion at m/z 377 could be
the corresponding ROOR product formed from the self reaction of isoprene peroxy
radicals. The product ion at m/z 185 likely corresponds to the Cs-hydroxycarbonyl. It
has been observed in previous studies and it likely arises from the isomerization of
nitrooxyalkoxy radicals through a 6-member transition state to form a hydroxynitrooxy
alkyl radical, which then decomposes to form NO; and Cs-hydroxycarbonyl (Kwok et al.,
1996). Such isomerization has also been proposed to occur in the photooxidation of
isoprene (Paulson and Seinfeld, 1992; Carter and Atkinson, 1996; Dibble, 2002). It is
possible that the hydroxynitrooxy alkyl radical formed proceeds to react with O, to form
a peroxy radical, which then reacts with the isoprene peroxy radical to form the product
ion m/z at 393. The product ion at m/z 393 shows a slower rate of formation (Figure 2.6)
compared to other product ions suggesting that it might also be formed from the further
oxidation of a first-generation product. 2-methyl-2-vinyl-oxirane has been observed from
isoprene-NOj reaction in previous studies at 20 mbar in helium (Berndt and Boge, 1997)
and 20 Torr in argon (Skov et al., 1994), respectively. When operated in positive mode
with H,O-H" as the reagent ion (products are observed at m/z = MW + 1), CIMS shows a
protonated molecule at m/z 85. Although the epoxide yield is found to be <1% of the
total reacted isoprene at atmospheric pressure (Skov et al., 1994), the signal at m/z 85 can
arise in part from the epoxide. The further oxidation of the epoxide results in the
formation of an epoxide peroxy radical, which can react with the isoprene peroxy radical

to form the peroxide at m/z 393. It is noted that a product ion at m/z 246 is detected in
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CIMS, which could arise from the corresponding carbonyl product formed from the
reactions of two epoxide peroxy radicals, or from the fragmentation of the epoxide
alkoxy radicals. Unlike m/z 393, which decays after the addition of the last pulse of
N2Os, m/z 246 stays relatively constant suggesting that it is not being further oxidized by
NOs radicals. To examine further the possibility of peroxide formation (m/z 377 and
393) in the gas phase, an experiment is conducted using 1,3-butadiene as the parent
hydrocarbon. The analogous product ions for the 1,3-butadiene system, i.e., m/z 349 and
365, are observed in CIMS, providing further indication that the formation of ROOR
products from two RO, radicals is occurring in the gas phase. Further details of the gas-
phase chemistry of isoprene and 1,3-butadiene will be forthcoming in a future

manuscript.

2.4.2 Effect of peroxy radical chemistry on SOA yield

The SOA yield ranges from 4.3% to 23.8% for an initial isoprene concentration of
18.4 to 101.6 ppb in the typical yield experiments. While the SOA yield from the slow
N,Os injection experiment is roughly the same as that in the typical yield experiments,
the SOA yield from the slow isoprene injection experiment is lower (Figure 2.3). In both
cases, ~40 ppb of isoprene is consumed, the main difference being the relative
importance of RO, + RO, reaction versus RO, + NOj; reaction in each system. In the
slow N,Os injection experiment, a relatively small amount of NOs is available in the
chamber. Once RO; radicals are formed, it is expected that they would react primarily
with other RO; radicals instead of NOs radicals owing to the presence of a relatively

higher isoprene concentration in the chamber. On the other hand, the slow isoprene
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injection experiment favors RO, + NOj reaction owing to the presence of excess N,Os in
the chamber. Thus the higher SOA yield observed in the slow N,Os injection experiment
suggests the products formed via RO, + RO; reaction partition more readily into the
aerosol phase, or the RO, + RO, reaction forms products that further react and contribute
significantly to aerosol growth. The fact that the SOA yield from the slow N,Os injection
experiment is roughly the same as in the typical yield experiments implies that RO, +
RO; reaction dominates in typical yield experiments.

The time profile for the three major first-generation gas phase products and SOA
growth from the slow N,Os injection experiment and slow isoprene injection experiment
are shown in Figure 2.12 and Figure 2.13, respectively. It is noted that this pair of
experiments has a higher initial isoprene concentration (~200 ppb) compared to the pair
of experiments shown in Figure 2.4. In both cases, once the first-generation products are
formed they can react further with NOs radicals, making it difficult to estimate the
formation yields of these products based on the measured concentrations. The extent to
which these products react further is expected to be higher in the slow isoprene injection
experiment owing to the presence of excess NOs in chamber; this is consistent with the
relatively lower concentrations of first-generation products observed. As mentioned
before, it is possible that the CIMS signal at the observed m/z comprises isomers formed
from the NOs attack at positions other than the C1 carbon. Such isomers have slightly
different structures but they could exhibit a very different reaction rate towards NOs
radicals. For instance, studies have shown that the reaction rates of NOj3 radicals with
unsaturated alcohols and unsaturated carbonyl compounds can vary by several orders of

magnitude depending on the position of the substituted methyl group (Noda et al., 2002;
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Canosa-Mas et al., 2005). It is possible that the minor products formed from NOj attack
at other positions react much slower with NO; radicals, hence the concentrations of the
observed product ions do not decay to zero towards the end of the experiment. At the end
of the experiment, about 8 ppb and 3 ppb of Cs-hydroxynitrate is left in the slow N,Os
injection experiment and slow isoprene injection experiment, respectively. Assuming the
amount of reactive isomers and unreactive (or relatively slow reacting) isomers are
formed in the same ratio in the slow N,Os injection experiment and the slow isoprene
injection experiment, we can deduce that a relatively higher concentration of reactive Cs-
hydroxynitrate (as well as the two other first-generation products) is formed in the slow
N:Os injection experiment. This is consistent with the larger extent of RO, + RO,
reaction (which forms Cs-hydroxynitrate) and the higher SOA yield observed in the slow
N»Os injection experiment, as it appears that Cs-hydroxynitrate is an effective SOA

precursor (Figure 2.6).

2.4.3 Growth curves: multiple steps in SOA formation

By examining the time-dependent growth curves (organic aerosol, AM, as a
function of hydrocarbon reacted, AHC) we can gain insights into the general mechanisms
of SOA formation (Ng et al., 2006, 2007ab). Figure 2.4 shows the time-dependent
growth curves for the slow N,Os injection experiment and the slow isoprene injection
experiment, respectively. For the slow N,Os injection experiment, the initial aerosol
growth likely arises from the condensation of first-generation products as the presence of
excess isoprene in the chamber suppresses their further oxidation. If higher generation

products do contribute to SOA formation, they would have to be formed at relatively fast
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rates. After isoprene is consumed, aerosol mass continues to increases and results in a
“hook” in the growth curve. This indicates that secondary products (or higher generation
products) also contribute significantly to SOA formation. The same observation can be
made if we examine the reaction profile of a typical yield experiment (Figure 2.2): there
is further SOA growth after all isoprene is reacted away, indicating that the further
oxidation of first generation products are contributing to SOA formed. These
observations are consistent with the fact that the decay of first-generation products
observed in CIMS (especially the m/z 232 and m/z 377 ions) is strongly anticorrelated
with further SOA growth (Figure 2.6). On the other hand, the slow isoprene injection
experiment does not allow us to differentiate the contribution of first- and second-
generation products to SOA formation. With the presence of excess NOs radicals in the
chamber, the first-generation products formed in the slow isoprene injection experiment
would be further oxidized once they are formed. The SOA growth observed throughout
this experiment is from the partitioning of these highly oxidized and nonvolatile products.
Hence, at the beginning of the experiment, for the same amount of AHC, the amount of
SOA formed in this experiment is higher than that in the slow N,Os injection experiment,
in which the aerosol growth is probably from the condensation of relatively more volatile
first-generation products. Both the AMS data and filter sample data (Figures 2.8, 2.9,
and 2.10) show a very similar composition for the final SOA formed in slow N,Os
injection experiment and the slow isoprene injection experiment, suggesting a common
SOA forming channel. Based on the previous discussion on the effect of peroxy radical

chemistry on SOA vyields, it is likely that the RO, + RO, reaction is the SOA-forming
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channel in both cases; such a reaction occurs to a large extent in the slow N,Os injection

experiments and results in the formation of more SOA.

2.4.4 Proposed mechanisms of SOA formation

The combination of CIMS gas-phase data and elemental SOA composition data
provides substantial insights into the mechanisms of SOA formation. Shown in Figures
2.14-2.17 are the proposed SOA formation mechanisms from the further oxidation of the
various gas-phase products measured by CIMS. The compounds in the boxes are the
SOA products detected by UPLC/(-)ESI-TOFMS. Owing to multiple chromatographic
peaks observed in the UPLC/(—)ESI-TOFMS extracted ion chromatograms (EICs) for the
negative ions of the proposed SOA products, structural isomers are likely; however, for
simplicity we show only one possible isomer for each product formed from a particular
reaction pathway. Many of the SOA products detected are formed from the further
oxidation of first- or higher-generation products, which is consistent with the observation
of continual SOA growth after the complete consumption of isoprene (hence a “hook” in
the growth curve). With the large number of nitrate-substituted compounds detected by
UPLC/(-)ESI-TOFMS technique, it is also not surprising that AMS shows strong signals
at m/z 30 (NO") and m/z 46 (NO,").

Shown in Figures 2.14 and 2.15 are the proposed SOA formation pathways from
the further oxidation of the m/z 232 (i.e., Cs-hydroxynitrate) and 377 gas-phase product
ions (as detected by CIMS). The decay of these two products has been found to be
strongly correlated with aerosol growth (Figure 2.6), which is consistent with the large

number of SOA products formed from their further oxidation. The further oxidation of
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these two gas-phase products also yields SOA compounds of the same molecular weight
(compounds of MW 371 and 450). Although m/z 393 is a minor gas-phase product, the
further oxidation of this compound leads to formation of several SOA products (Figure
2.16). As mentioned before, there are two possible formation routes for m/z 393, and the
further oxidation of both products is shown in Figure 2.16. The further oxidation of the
m/z 393 ion appears to yield SOA products that are specific only to this gas-phase
product: these include the SOA products of MW 387 and 467.

Figure 2.17 shows the proposed SOA formation mechanisms from three other
gas-phase products (m/z 185, m/z 230, and m/z 277); the further oxidation of these
product ions leads to relatively minor SOA products. Although Cs-nitrooxycarbonyl (m/z
230) is the most abundant gas-phase product detected by CIMS, its further oxidation is
not well correlated with aerosol growth (Figure 2.6). The further oxidation of m/z 230
yields an SOA product at MW 240. This organic acid product is found to be quite minor
when examining the peak area in its corresponding extracted ion chromatogram (EIC). It
is noted that no SOA products are detected from the further oxidation of the Cs-
nitrooxyhydroperoxide (m/z 248) (also a major gas-phase product); it is possible that
these hydroperoxide products are not acidic enough to be detected by the UPLC/(—)ESI-
TOFMS technique, or degrade during sample workup and/or analysis procedures. It has
been shown that hydroxycarbonyl plays a key role in SOA formation from the reaction of
linear alkenes with NOs radicals (Gong et al., 2005), however, in the isoprene-NO;
system, the further oxidation of the minor gas-phase product Cs-hydroxycarbonyl (m/z
185) leads to the formation of only one minor aerosol product at MW 195. Some

evidence for the formation of a Cs-dinitrate first-generation gas-phase product is
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indicated from the CIMS and UPLC/(—)ESI-TOFMS data. This first-generation gas-
phase product has been observed previously by Werner et al. (1997). The CIMS shows a
weak signal at m/z 277, which could be associated to the dinitrate product; we do not
know, however, whether the negative ion efficiently clusters with such compounds.
Further evidence for the dinitrate gas-phase product is provided by the UPLC/(-)ESI-
TOFMS detection of an SOA product at MW 495, which could result from the further
oxidation of a Cs-dinitrate precursor. The precursor compound before the last oxidation
step shown in this mechanism in Figure 2.17 may exist in the particle phase; however,
this compound is not likely to be detected by the UPLC/(—)ESI-TOFMS technique owing
to the lack of acidic hydrogens from neighboring hydroxyl and/or carboxyl groups.

The SOA products highlighted in Figures 2.14-2.17 are observed in all major
experiments conducted; however, not all of these products are strongly detected in the
excess isoprene experiment (Figure 2.10c). With the presence of excess isoprene, further
oxidations of first-generation products should be minimal and no significant SOA
formation is expected. The reaction rate of isoprene and NOjs radicals is knos = 7x107 13
cm’ molecule™' s, To our knowledge, the reaction rate of the first-generation products
and NOj; radicals has not been studied. The structure of m/z 232 (Cs-hydroxynitrate) is
similar to 3-methyl-2-buten-1-ol (MBO321), except that the y-carbon has one nitro group
and one methyl group substitution instead of two methyl group substitutions. The
reaction rate coefficient of MBO321 and NO; radicals is knos=1x10""? cm® molecule
s L. Itis found that the reaction rate with NO; radicals increases with increasing number
of methyl groups at the y-carbon (Noda et al., 2002), which is in accordance with the

stabilization theory for leaving groups discussed in Atkinson (1997) and Noda et al.



44

(2000). With reference to this, we would expect the reaction rate of Cs-hydroxynitrate
and NOj; radicals to be slower than that of MBO321 due to the presence of the electron
withdrawing nitro group. Hence, it is likely that the reaction rate of isoprene and NO;
radicals and Cs-hydroxynitrate and NO; radicals are roughly in the same range. The
relative production rate of first- and second-generation products will then be the ratio of
the concentrations of isoprene and first-generation products, and aerosol can be formed
either from the condensation of relatively non-volatile first-generation products (e.g., m/z
393) or higher generation products that are formed relatively fast in the gas-phase. It
appears from the UPLC/(-)ESI-TOFMS data that enough RO, + RO, chemistry is
occurring to yield many of the products shown in Figures 2.14-2.17. When comparing
the UPLC/(-) ESI-TOFMS BPCs (Figure 2.10) of all experiments, it is clear that the m/z
430 and m/z 446 are the dominant ions in the excess isoprene experiment, while m/z 333
is the dominant chromatographic peak in other experiments. The chromatographic peak
at m/z 430 corresponds to the acetic acid cluster ion for the compound at MW 371, which
can be formed from the further oxidation of CIMS m/z 232 and 377 ions (Figures 2.14
and 2.15). The chromatographic peak at m/z 446 corresponds to the acetic acid cluster
ion for the compound at MW 387, which is formed from the further oxidation of CIMS
m/z 393 (Figure 2.16). The detection of these two SOA products (MW 371 and MW 387)
suggests that further oxidation of m/z 232, 377, and 393 is occurring in the excess
isoprene experiment and contributing to SOA growth. Studies have shown that NO;
uptake on organic surfaces (even to saturated organic surfaces) be quite rapid (Moise et
al., 2002; Knopf et al., 2006; Rudich et al., 2007). Hence, it is also possible that CIMS

m/z 393 (a first-generation product according to one of the formation routes) is
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nonvolatile enough that it partitions into the aerosol phase and its further oxidation
proceeds heterogeneously. Chromatographic peaks such as m/z 333 (associated with MW
271 compound), 449 (MW 450 compound) and 554 (MW 495 compound) are not as
strong in the excess isoprene experiment owing to the fact there is not enough NOj in the
system to allow for the formation of these highly oxidized compounds.

From the UPLC/(—)ESI-TOFMS (Table 2.2) and PILS/IC measurements, it
appears that organic acids are not a major contributor to SOA formation from the
oxidation of isoprene by NOj;radicals. The UPLC/(-)ESI-TOFMS technique detects only
two minor organic acids at MW 195 and 240. Additionally, the PILS/IC technique does
not detect large quantities of any small organic acids. The sum of formate, acetate,
glycolate, lactate, oxalate, and pyruvate are usually between 0.01 — 0.50 ug m™. These
observations are different from the SOA produced in the photooxidation of isoprene
(under high- and low-NOy conditions), in which a large number of organic acids, such as
2-methylglyceric, formic, and acetic acid, are observed (Surratt et al., 2006; Szmigielski
et al., 2007). In the photooxidation experiments, the level of organic acids detected under
low-NOx conditions is lower than under high-NOy conditions. The low-NOy isoprene
SOA was previously found to also have a significant amount of organic peroxides, as
detected in the current study (Table 2.3); however, organic peroxides detected previously
in low-NOy isoprene SOA were not structurally elucidated through MS techniques
performed in the present study (Table 2.2, Figures 2.14-2.17), possibly owing to the lack
of nitrooxy groups which seem to induce acidity and/or increase the adductive abilities of
organic peroxides with acetic acid during the ESI-MS analysis. Overall, it appears that

the isoprene-NO; SOA is much more similar to the previously studied low-NOy isoprene
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SOA. More specifically, it appears that both contain a large amount of organic
peroxides, organosulfates (if conducted in the presence of sulfate seed aerosol), and
neutral hydroxylated compounds, such as the hydroxynitrates observed in Figure 2.14
(e.g., MW 226 and 271 products).

As discussed earlier, the formation yields of ROOR from the reaction of two
peroxy radicals is very low for small peroxy radicals (Kan et al., 1980; Niki et al., 1981,
1982; Wallington et al., 1989; Tyndall et al., 1998, 2001). However, according to both
gas- phase and aerosol-phase data in this study, it appears that the RO,+RO, reaction
(self reaction or cross-reaction) in the gas phase yielding ROOR products is an important
SOA formation pathway. Such reaction has been proposed to form low-volatility diacyl
peroxides in the SOA formed from cyclohexene ozonolysis (Ziemann, 2002). In the case
of self-reaction of peroxy radicals, the molecular weight of the product is essentially
doubled, providing an efficient way to form products of low volatility. Based on the
iodiometric spectroscopic method the contributions of peroxides (ROOH + ROOR) to the
total SOA formed is 17-32% (Table 2.3). We can estimate the mass yield of peroxides
based on their percentage contribution to total SOA and the SOA yield for each of the
experiments in Table 2.3. It is found that the mass yield of peroxides range from ~6-
10%. For the two experiments (i.e., 8/22/07 and 10/24/07) that are carried out under
similar conditions as those in the yield experiments, the mass yield of peroxide is 8%.

Based on the shape of the Odum yield curve (Figure 2.3), it is expected that the
products are semivolatile. Hence, the relatively large contribution of nonvolatile
peroxides in the aerosol phase appears to be inconsistent with the observed yield curve

behavior. It is evident from the UPLC/(-)ESI-TOFMS data that there exists a wide array
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of peroxides in the aerosol composition, however, we need to caution that there are large
uncertainties associated with the quantification of peroxides owing to the lack of
authentic standards. Based on the standard deviations of the measurements, the
uncertainty is at least 10%, yet if we take into account of the following factors it is
expected that the true uncertainty would be larger. In estimating the percentage
contribution of peroxides, an average molecular weight of 433 for peroxides is used. The
peroxides formed would largely depend on the branching ratio of various reactions and
this number may not reflect the molecular weights of the wide array of peroxides formed.
Also, the iodiometric spectroscopic method does not allow the distinction between
ROOH and ROOR products. Hence, the contribution of the low volatility ROOR
products may not be as high as estimated. ROOH standards were run in the ESI-TOFMS
to examine the possibility of ROOH further reacting in the mass spectrometer to form
ROOR and no ROOR products were detected. As mentioned before, it appears that the
presence of nitrooxy groups in ROOR products aids their detection in the MS. Since the
ROOH standards used do not have a nitrooxy group, unfortunately, we cannot rule out
the possibility that ROOR products are formed but just not being detected. Finally, it is
worth noting that the initial isoprene concentrations in the yield experiments are much
lower than those experiments in which SOA composition is measured. In performing the
yield experiments, the initial isoprene concentrations are kept relatively low so as to be
closer to atmospheric levels. Because of the lower initial isoprene concentration (hence
lower aerosol loading), the partitioning of various products would be different and it is

likely that level of peroxides would be lower in the yield experiments. Nevertheless, the
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higher concentration experiments are necessary to produce enough aerosols filter analysis
and to map out the complete spectrum of oxidation products.

To fully elucidate the relationship between the actual products identified and
those inferred from fitting the yield data would require a modeling study that is beyond
the scope of this work. However, we emphasize that there are large uncertainties
associated with the quantification of peroxides and it is likely that their contributions to
total SOA can be overestimated. Indeed, if the mass yield for these nonvolatile peroxides
were lower (for instance, ~2%), this would agree well with the observed yield curve
behavior. The measurement of peroxides certainly warrants further study. This work
serves as a good example in showing that caution must be taken when interpreting
experiments with low aerosol yields, especially when a relatively minor pathway may be

responsible for forming the aerosols.

2.5 Approximate estimate of global production of SOA from isoprene + NO3

The global chemical transport model GEOS-Chem (v. 7-04-11) (http://www-
as.harvard.edu/chemistry/trop/geos/) is used to estimate, roughly, global SOA formation
from the isoprene + NOj; reaction. The current version of GEOS-Chem treats
mechanistically SOA formation from isoprene + OH, monoterpenes and sesquiterpenes,
and aromatics; here we will estimate SOA formation from isoprene + NOs by using an
approximate, uniform SOA yield of 10% (corresponding to M, = 10 pg m™ in Figure
2.3). It is noted that this yield is quite uncertain and the importance of peroxy radical self
reactions in this study suggest that the SOA yield in the atmosphere will be highly

sensitive to the nature of the nighttime peroxy radical chemistry. Here, we seek to obtain
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only a “back-of-the-envelope” estimate.

Two global isoprene emissions are available in GEOS-Chem: GEIA (Global
Emission Inventory Activity) (Guenther et al., 1995) and MEGAN (Model of Emissions
and Gases from Nature) (Guenther et al., 2006). Both models require, as input,
meteorological data such as temperature to calculate the amount isoprene emitted. For
the present estimate, the meteorological fields employed by Wu et al. (2007), generated
by the Goddard Institute for Space Studies (GISS) General Circulation Model 111, are
used. Meteorological conditions correspond approximately to those of year 2000.

Table 2.4 presents the annual emissions of isoprene as predicted by each of the
emission models, together with the amount of isoprene predicted to react via OH, O3, and
NO:s, the global burden, and lifetime. We note that there is a significant difference
between the annual isoprene emissions predicted by the earlier and newer emission
models. Isoprene + OH accounts for 300 to 400 Tg yr' of isoprene consumption. Henze
et al. (2007) predict that annual SOA production from isoprene + OH is about 13 Tg yr!
(based on the MEGAN inventory and GEOS-4 meteorological fields, which are
assimilated fields from actual year 2004). Note that SOA production from isoprene +
OH, or any other pathway for that matter, is sensitive to the production of SOA from
other hydrocarbon precursors since gas-aerosol partitioning depends on the total organic
aerosol mass.

If we take as a rough estimate a 10% SOA yield from the isoprene + NO; pathway
from the results in Table 2.4, 2 to 3 Tg yr ' of SOA results from isoprene + NOs. This
rate of production would make SOA from isoprene + NOj as significant as that from

sesquiterpenes, biogenic alcohols, and aromatics, each of which is estimated to produce
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about 2 to 4 Tg yr ' of SOA based on yields measured in chamber studies (Henze et al.,
2007). As a reference, the global SOA production is estimated to be 10-70 Tg yr '
(Kanakidou et al., 2005). Recently, Goldstein and Galbally (2007) provided several
alternative approaches to estimate global SOA production: 510-910 Tg C yr ' based on
the global mass balance of VOC removal, 225-575 Tg C yr ' based on SOA deposition
plus oxidation, 140-540 Tg C yr ' based on comparison with the sulfate budget, and 223—
615 Tg C yr ' required to maintain the assumed global mean vertical SOA distribution. If
we assume mass carbon/mass organics = 0.5, the lower limit for SOA production from
these estimates would be 280 Tg yr ', which is much larger than that estimated from
chamber SOA yields. Still, the 3 Tg yr 'of SOA estimated for the isoprene + NO; system
is worth noticing. Owing to efficient photodissociation, NO; achieves its highest
concentrations at night. By contrast, isoprene emissions are assumed to be zero at night
in both emission models. Consequently, the isoprene + NOj; reaction occurs only at
night, involving isoprene that remains unreacted after each daytime period.

We caution that the estimates above are obtained at the crudest level of
approximation, in which a globally uniform SOA yield of 10% from isoprene + NOj is
applied. As we note from Table 2.4, there is also as substantial difference between
predictions of the two available isoprene emission models; the more recent MEGAN
model represents an improved level of understanding over the earlier GEIA model.
Predictions of SOA formation from the isoprene + NOj3 pathway are, of course, highly
dependent on ambient NOj radical concentrations. Nitrate radical concentrations
predicted in the current simulations vary from about 0.1 ppt in remote regions of South

America to 20 ppt or more in the southeastern USA (in August). Future work will
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address the simulation of SOA formation from isoprene + NOs following the

microphysical treatment in GEOS-Chem.

2.6 Implications

We report a series of chamber experiments investigating the formation of
secondary organic aerosols from the reaction of isoprene with nitrate radicals. For an
initial isoprene concentration of 18.4 to 101.6 ppb, the SOA yield ranges from 4.3% to
23.8% (typical yield experiments). The SOA yield from the slow N,Os injection
experiment (RO, + RO, reaction dominates) is much higher than that from the slow
isoprene injection experiment (RO, + NOs dominates), implying that RO, + RO, is a
more effective channel of forming SOA. The SOA yield from the slow N,Os experiment
is roughly the same as that in the typical yield experiments, suggesting that SOA yields
obtained in this study likely represent conditions in which peroxy-peroxy radical
reactions are favored. Using a uniform SOA yield of 10% (corresponding to M, = 10 ng
m™), ~2 to 3 Tg yr' of SOA results from isoprene + NOs, which is about Y of the amount
of SOA estimated to be formed from isoprene + OH (~13 Tg yr'') (Henze et al., 2007).

The extent to which the results from this study can be applied to conditions in the
atmosphere depends on the relative importance of the various reaction pathways of
peroxy radicals in the nighttime atmosphere: RO,+RO;, RO,+NO;, RO,+NO, and
RO,+HO,. However, the fate of peroxy radicals in the atmosphere is uncertain owing to
the large uncertainties in the reaction rate constants and ambient concentrations of the
radicals (Skov et al., 1992; Kirchner and Stockwell, 1996; Bey et al., 2001ab; Vaughan et

al., 2006). For instance, a modeling study by Kirchner and Stockwell (1996) suggests
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that the RO,+NOj reaction is the dominant pathway at night; 77% and 90% of the total
RO; at night is predicted to react with NOs in polluted atmosphere and rural air (mixed
with aged air), respectively. The other pathways are not as important; while RO,+RO;
can account for about 8-23% of the total RO, reaction, RO,+HO; only accounts for 6-
10%, and RO,+NO is minimal (0-1%) (Kirchner and Stockwell, 1996). These results are
at odds with the study by Bey et al. (2001ab), which suggests that NOs radicals are not
involved significantly in the propagation of RO, radicals (<5%). Instead, RO,+NO
(77%) and RO,+RO;, (40%) are dominant in the mixed layer in the urban and rural areas,
respectively. Although there is no definite conclusion as which reaction pathway
dominates in the nighttime atmosphere, both studies seem to suggest that RO,+HO, is
relatively not as important. In this work, we investigated situations in which either
RO,+RO; or RO,+NO; dominates. In both cases the RO,+HO, reaction is expected to be
a minor channel and thus this is in line with the modeling studies. Although RO,+NO is
not considered in this study, this reaction produces the same alkoxy radical as in the
RO,+NOs reaction. It is likely that it would result in similar products as those in the case
where the RO,+NOj reaction dominates. Currently, only the reaction rate constants for
small, relatively simple RO, radicals with NOs radicals have been reported (e.g., Biggs et
al., 1994; Daele et al., 1995; Canosa-Mas et al., 1996; Vaughan et al., 2006) and they are
roughly in the range of (1-3) x10™"2 cm’ molecule ' s™'. With the oxidation of various
volatile organic compounds by O3 and NOj; under nighttime conditions, it is expected that
multi-functional peroxy radicals would be prevalent; the reaction rates of these complex

peroxy radicals warrant future study. Furthermore, more field measurements on the
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concentrations of various radicals would also help to constrain the relative importance of
the different reaction pathways.

In this study, we have shown that the formation of ROOR from the reaction of
two peroxy radicals is an effective SOA-forming channel based on gas-phase data and
elemental SOA composition data. If the results from this study can be applied to other
systems (i.e., the reaction of NO; radicals with other volatile organic compounds), the
organic peroxides could possibly be formed in all systems; they may not have been
identified previously owing to the lack of suitable analytical techniques such as accurate
mass measurements from high resolution MS. Since the formation of ROOR from two
peroxy radicals has always been considered as a minor channel, the reaction has not been
widely studied. Ghigo et al. (2003) ruled out the direct formation of products (RO, ROH,
RCHO) from the tetroxide intermediate ROOOOR. Instead, they proposed that the
tetroxide breaks up into a weakly bound complex of two RO radicals and O,, which then
fall apart or undergoes intersystem crossing to form the corresponding alcohol and
carbonyl products. The formation of ROOR was not discussed in Ghigo et al. (2003)
owing to little experimental evidence for the production of ROOR. However, the
observation of ROOR formation in this study suggests that this reaction does occur and is
potentially important for aerosol formation. As pointed out by Dibble (2008), the
mechanism proposed by Ghigo (2003) would seem to allow for easy production of
ROOR from the RO-RO-O, complex. Therefore, it appears that there are at least two
possible pathways for ROOR formation: it can either be formed through the RO-RO-0O,

complex as suggested by Dibble (2008), or there may exist a direct pathway for ROOR
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formation from ROO + ROO. Certainly more work is needed regarding the formation,
detection, and quantification of ROOR products.

It is also worth noting that while most NO3 chemistry occurs at night, it can also
be important during the day at specific locations. Recently, a study by Fuentes et al.
(2007) suggested substantial formation of NOj; radicals can take place in forested
environments with moderate to high levels of BVOC production, resulting in a significant
oxidation of isoprene and terpenes by NOs radicals. For instance, approximately 60% of
the terpenes react with NOj; radicals within the canopy. Clearly, more study is needed to
evaluate the importance of NOs chemistry of biogenic hydrocarbons under different

environments and time of the day.
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Table 1. Initial conditions and results for yield experiments

Date T(K) RH(%) AHC (ppb)® AM, (ug/m®) ° SOA Yield (%)
8/9/07 294 5.1 101.6 £ 0.6 68.1 £ 1.1 23.8+0.5
8/10/07 293 4.7 30.2+0.1 11.5+0.4 13.5+0.5
8/11/07 294 5.4 67.1+0.1 39.3+1.2 20.8+0.7
8/12/07 293 6.0 51.7+0.2 26.7+0.6 18.2+0.5
8/13/07 294 5.7 18.4 + 0.1 22402 43+05
8/14/07 294 5.5 21.8+0.1 48+04 78+0.6
10/4/2007° 293 5.5 39.5+0.1° 79+0.3 71406
10/25/2007° 294 6.4 42.0+0.1 16.6 + 0.6 14.1+0.7

@ Stated uncertainties (1c) are from scatter in isoprene measurements.

® Stated uncertainties (1) are from scatter in particle volume measurements.

¢ Slow isoprene injection experiment

¢ Concentration estimated based on a separate calibration experiment (see Sect. 3.2);
the uncertainty in the measured isoprene concentration is assumed to be the same as
in the slow N,Os experiment.

° Slow N,Os injection experiment
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Figure 2.1. Time profiles of aerosol volume, inorganic nitrate measured by PILS/IC, and
nitrate signals from Q-AMS in a blank experiment (~1 ppm N,Os, ammonium sulfate seed, no
isoprene).
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Figure 2.1.  Time profiles of aerosol volume, inorganic nitrate measured by PILS/IC, and nitrate signals from Q-AMS in a blank experiment (~1 ppm N2O5, ammonium sulfate seed, no isoprene).
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Figure 2.2. Isoprene depletion and SOA formation for typical experiment. Initial
isoprene is 203.4 ppb (573 ug/m?).
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Figure 2.2.  Isoprene depletion and SOA formation for typical experiment.  Initial isoprene is 203.4 ppb (573 mg/m3).
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Figure 2.3. SOA yield data and yield curve for isoprene-NOj; reaction.
Also shown are SOA yields from the slow N,Os injection experiment
and slow isoprene injection experiment.
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Figure 2.3.  SOA yield data and yield curve for isoprene-NO3 reaction. Also shown are SOA yields from the slow N2O5 injection experiment and slow isoprene injection experiment. 
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Figure 2.4. Time-dependent growth curves for the slow N,Os
injection experiment and slow isoprene injection experiment (last two
experiments in Table 1).
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Figure 2.4.  Time-dependent growth curves for the slow N2O5 injection experiment and slow isoprene injection experiment (last two experiments in Table 1).
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Figure 2.5. Time profiles of the major gas-phase products (m/z 230,
232, and 248) and the corresponding aerosol growth from the excess
isoprene experiment.
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Figure 2.5.  Time profiles of the major gas-phase products (m/z 230, 232, and 248) and the corresponding aerosol growth from the excess isoprene experiment.
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Figure 2.6. Time evolution of various gas-phase products in the staggered N,Os injection
experiment (Isoprene is first injected into the chamber, followed by the addition of 3 pulses
of N,Os: ~120, 50, and 210 ppb). The top panel shows the isoprene decay and aerosol
formation; the middle panel shows the time profiles of the three major first-generation
products (m/z 230, 232, and 248); the bottom panel shows the time profiles of three minor
products (m/z 185, 377, and 393). (The likely identities for these products are shown in Fig.
11.)
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Figure 2.6.  Time evolution of various gas-phase products in the staggered N2O5 injection experiment (Isoprene is first injected into the chamber, followed by the addition of 3 pulses of N2O5: ~120, 50, and 210 ppb). The top panel shows the isoprene decay and aerosol formation; the middle panel shows the time profiles of the three major first-generation products (m/z 230, 232, and 248); the bottom panel shows the time profiles of three minor products (m/z 185, 377, and 393). (The likely identities for these products are shown in Fig. 11.)
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Figure 2.7. A typical AMS spectrum for SOA formed in typical yield

experiments.
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Figure 2.7.  A typical AMS spectrum for SOA formed in typical yield experiments.
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Figure 2.8. AMS spectra signal from the slow N,Os injection experiment
versus a typical yield experiment. Each mass fragment is normalized by
the total signal. The solid red line is the 1:1 line. Note that the higher
masses (m/z > 165) are dominated by noise.
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Figure 2.8. AMS spectra signal from the slow N2O5 injection experiment versus a typical yield experiment. Each mass fragment is normalized by the total signal. The solid red line is the 1:1 line. Note that the higher masses (m/z > 165) are dominated by noise.
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Figure 2.9. AMS spectra signal from the slow isoprene injection
experiment versus a typical yield experiment. Each mass fragment is
normalized by the total signal. The solid red line is the 1:1 line.
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Figure 2.9. AMS spectra signal from the slow isoprene injection experiment versus a typical yield experiment. Each mass fragment is normalized by the total signal. The solid red line is the 1:1 line. 
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Alan Kwan
Figure 2.10. UPLC/(-)ESI-TOFMS base peak ion chromatograms (BPCs) for the following isoprene-NO3 oxidation experiments: (a) 200 ppb isoprene + 1 ppm N2O5 + seed aerosol generated from 15 mM (NH4)2SO4 atomizing solution; (b) 300 ppb isoprene + 1 ppm N2O5 + seed aerosol generated from 15 mM (NH4)2SO4 atomizing solution; (c) 1.2 ppm isoprene + 700 ppb N2O5 + seed aerosol generated from 15 mM (NH4)2SO4 atomizing solution; (d) 200 ppb isoprene + 1 ppm N2O5 + seed aerosol generated from 30 mM MgSO4 + 50 mM H2SO4 atomizing solution. The numbers indicated above the selected chromatographic peaks correspond to the most abundant negative ion, and is either the [M - H]- or [M - H + C2H4O2]- ions.
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Alan Kwan
Figure 2.11. Proposed mechanisms for the formation of various gas-phase intermediate product ions observed by CIMS. Multiple structural isomers are possible. In this figure, RO2' refers to the isoprene peroxy radical (nitrooxyperoxy radical), RO2 refer to a generic peroxy radical. The numbers in the parentheses refer to the molar yields of the products. It is noted that the sensitivity for m/z 393 is not calculated, instead it is assumed that the sum of the molar yields of the two isomers shown to be the same as that for m/z 377 (i.e. 0.01).
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Figure 2.12. Time profiles of the major gas-phase products (m/z 230, 232, and 248) and
the corresponding aerosol growth from the slow N,Os injection experiment. Note that this
experiment has a higher initial isoprene concentration (~200 ppb) compared to the one
shown in Figure 2.4.
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Figure 2.12. Time profiles of the major gas-phase products (m/z 230, 232, and 248) and the corresponding aerosol growth from the slow N2O5 injection experiment. Note that this experiment has a higher initial isoprene concentration (~200 ppb) compared to the one shown in Figure 2.4.
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Figure 2.13. Time profiles of the major gas-phase products (m/z 230, 232, and 248) and the corresponding aerosol growth from the slow isoprene injection experiment. Note that this experiment has a higher initial isoprene concentration (~200 ppb) compared to the one shown in Figure 2.4.


Alan Kwan



93

"SJUAWILIdAXD PIPIIS 9)BJ NS WNISIUSLW PILJIPIOR PUR AJRI[NS WNIUOWWER Ul A[UO PIAIISQO 2I9M PUR SUOT [H - ][] 119y) sk
P910210p a10M Spunoduiod 2)ej[nsouesio s, , *(UOT JUBUIWIOP "3°T) UOT TB[NII[OUI Y} ‘SISED JSOW UT ‘SEM UOT (_[COYHCD + H - I]) 1onppe proe d1300e

oy ‘suot [COVHCD + H - IN] pue _[H - I 11943 y1oq Se pa3oa)ap a1om spunoduwod aseyd-ojonred asay g uawnsur SINID ayp Aq uor [O€4D +

o) sk pa10a1ap sem jonpoid aseyd-ses sip ((L661) 2304 pue Ipuiag pue (9661) T8 10 JomY ‘(2661) ‘T8 12 A0S ‘(6861) ZI[3o11S pue Ae[ AQ PIAIISqO
Ajsnoraaid sem jonpoid oseyd-ses uonerouas-jsiy siyy, , "AIdWIs 10§ UMOYS ST IOWOST [EINJONIS AUO A[UO “IOAIMOY] [SWEIFOIBWOIYD UOT PAJOBIXD

o) Ul poAIosqo syead oryderdoreworyd opdninur oy} M JudISISU0d “9[qrssod are s1owos! [ermonys a[dnmy "'SINJOL-1SA(-)/DTdN 2P Aq papraoid
BJBP SSBW JJRINJIR A} AQq PIWLIJUOD IdM SB[NULIOY Je[nod[ow :s1onpoid yOS pa1091dp SINAOL-ISA(-)/DTd N 23ed1pul saxog uondeal EQN + duaxdost
oy woiy pawioy 1onpoid aseyd-ses 91enIuAX0IpAY-50) 9y} JO ABOOP pPuR UOIBWLIOJ S} WOIJ UOBWIO) YOS 10J wisiueyodw pasodoid “p1°7 9In31q

wmu_‘OmmeImO
9tOYNBHHO' D 2kOENLHHOL D 5LGE = MIN
057 = MIN gHLE = MIN ON°0
€
ONO ONZO 20y ON%0 H®OSO__
HO - HO ZONO
0 OH c0/fON oo/\/ﬂ ON°0
¢ c
ONO ON%O ONO oN%
‘od

o_.Ova_.Io_,O oFOmZmImO
q0SY = MIN [Z0u] gtL2 = MIN

ON°0 2ONO 2ONO SONO

HO OH e I— — HO
o fow MO “ON SONO
0
¢ C
ONO 2 . ON%O
oo ON°0
¢0 | toN
S TOPNTIHEO 2€eT 2/ m SNID
w
90€ = MIN 922 = MIN
’ NOzO poleIHuUAx0IpAy-59 [20y]
c
ONO OH .
¢ OH O°H - HO fod MO O ‘0 =
H OmO/ PN R R -
€
YOS®H ON%O ¢0/fON oNeo ol onéo CON
ON°0



Alan Kwan
Figure 2.14. Proposed mechanism for SOA formation from the formation and decay of the C5-hydroxynitrate gas-phase product formed from the isoprene + NO3 reaction. Boxes indicate UPLC/(-)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate mass data provided by the UPLC/(-)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation gas-phase product was previously observed by Jay and Stieglitz (1989), Skov et al. (1992), Kwok et al. (1996), and Berndt and Böge (1997); this gas-phase product was detected as the [M + CF3O]- ion by the CIMS instrument. b These particle-phase compounds were detected as both their [M - H]- and [M - H + C2H4O2]- ions; the acetic acid adduct ([M - H + C2H4O2]-) ion was, in most cases, the molecular ion (i.e. dominant ion). c These organosulfate compounds were detected as their [M - H]- ions and were observed only in ammonium sulfate and acidified magnesium sulfate seeded experiments.
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Alan Kwan
Figure 2.15. Proposed mechanism for SOA formation from the formation and decay of the CIMS m/z 377 gas-phase product formed from the isoprene + NO3 reaction. Boxes indicate UPLC/(-)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate mass data provided by the UPLC/(-)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation gas-phase product was detected as the [M + CF3O]-  ion by the CIMS instrument. b These particle-phase compounds were detected as both their [M - H]- and [M - H + C2H4O2]- ions; the acetic acid adduct ([M - H + C2H4O2]-) ion was, in most cases, the molecular ion (i.e. dominant ion).


Alan Kwan



95

wmwFOMZhrIOFO
2,97 = MIN
mw _.OmZB_.IOFO NOZO
9% = MIN P 00
o Io)m\ﬁﬂ <fﬂo%o:
ZONO ONO ONO ON%O
oo&ﬂo%o:
4
o ON"0 O°H- | YOS®H
ONI| VOWNI mFOmZN_.IO_,O
2,8€ = MIN

4£6€ ZW SNIOD

ELOENLHHOMD _ ONO
/8€ = o4
o MW IO\/\ﬁjOO/\/ HO <fm
°ONO

2 2 /g
2ONO ooNoZo ONO onio O/ON ON?O
/L/WOI ]
04
ONZO \
(0]
[Codl]
2
O -~
204 | 20/fON :o;mN:mEow_ ®ON 4O °oH
°0” “ON°0 ONZ0 ON°0
q€6€ Z/W SNID Noﬁ
2
ONO .
00 ~ 20 2 gOUBIIXO-|AUIN-Z-[Ay1oW-g uomsodwooaq “
/\/ﬂ <~——— °‘ONO - -~ °
on‘o  +OH O °oN 7 Y0 °ON - ONFO

O


Alan Kwan



96

‘sjuowIddXd PAPas 2JeJ NS WNISOUSeW PAYIPIOL puR AJeJns

WNIUOWIWE 3y} Ul A[UO PIAIISQO Sem pue UOL [[] - ] SII St pajodop sem punodwod 1ej[nsouesio SIy |, , “(Uol JuRUIOp "3°T) UOI
Ienodrow Ay} ‘sased j3sow ul ‘sem uol (([COYHED + H - IN]) 1onppe p1oe 91399 3y} suol [CQYHD + H - IN] Pue -[H - ] 11913 y30q
Se Pa1031ap a1am spunodwiod aseyd-sjonaed asay], , “uor [QfJD + ] 2y} Se pajodop sem 1onpoid aseyd-ses Siy [, , -ourIxo(JAUIA
-JAy3owi-[ )-7 9q OS[e P[nod pue (Le61) 238 pue 1puidg Aq PaAIdsqo A[snoradid sem jonpoid aseyd-ses siy) Juawnnsur

SINID 9y Aq uot _[H + JA] oy se pa3oajap sem jonpoad aseyd-sed uoneroua3-isig sy y, , "A3o1dwis 10J umoys SI JOwosI
[eINIONIS QUO AUO ‘TIAIMOY {SWEBIF0JBWOIYD UOL PAIIBIIXD Y} Ul PaAIasqo syead oryder3oreworyd spdnnw o) yirm judisisuod
Qrqrssod are srowost [ergonns (AN "'SINAOL-ISA(-)/DTdN 2y Aq papraoid eiep ssew 9JeIndde Y} AQ pIWIUOD dI9M
senuIoy Jernddjow (s1onpoid yOS p1991op SINAOL-ISA(-)/DTdN red1pur saxog "uonoedr EQN + duaidost ay) woty poauwoy
1onpoad aseyd-se3 ¢6¢ z/u SINID AUl JO Ad9p pue UOIBULIO} AU} WOJJ UONRULIO V(S J0J WwisTueyodw pasodoid ‘917 31n31q


Alan Kwan
Figure 2.16. Proposed mechanism for SOA formation from the formation and decay of the CIMS m/z 393 gas-phase product formed from the isoprene + NO3 reaction. Boxes indicate UPLC/(-)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate mass data provided by the UPLC/(-)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a This first-generation gas-phase product was detected as the [M + H]+ ion by the CIMS instrument; this gas-phase product was previously observed by Berndt and Bšge (1997) and could also be 2-(1-methyl-vinyl)oxirane. b This gas-phase product was detected as the [M + CF3O]- ion. c These particle-phase compounds were detected as both their [M - H]- and [M - H + C2H4O2]- ions; the acetic acid adduct ([M - H + C2H4O2]-) ion was, in most cases, the molecular ion (i.e. dominant ion). d This organosulfate compound was detected as its [M - H]- ion and was observed only in the ammonium sulfate and acidified magnesium sulfate seeded experiments.



97

w_.OmZh_.IoFO
pS67 = MIN
SONO

NoZo\W|&owZ,No ON°0

°od H 0 /EON

‘(uor JuBUIWIOP "9°T) UOT Je[NdJ[ow A} sem uol (_[COYHD + H - IN]) 1onppe

P1o® 913998 Y} (SUol _[COYHD + H - IN] Pue [H - ] S1 J10q Se pa3odjop sem punodwod aseyd-ojonaed

SIY ], , Judwnnsul SINID Y1 Aq Uol _[L QD + JN] 9y sk Pajodlap osfe sem jonpoid aseyd-ses siy) ((6661) T8
19 U A\ £q PaAIdsqo Asnoradxd sem jonpoid aseyd-ses uoneroud3-isiy sy, , YOS JO sjunowe Juedijiusis
PI91A 10U 0p s1onpoid uoneIouds-1sity [AU0qIBIAX0IPAY-S) PuL [AUOQIBIAX00NIU-S) Y} JO UONJBPIXO

Iayny 9y) Jey) SUIrWIuod ‘sjonpoid YOS Iour a1e sy, , Juawnysur SINID aY) £q uol [QOfD + IN] oy
Se Pa10919p 1M s1onpoad oseyd-sed 9say ((9661) T8 10 YoM Pue ($661) ‘T€ 10 A0S £q PaAIasqO Ajsnoraaxd
a1om syonpoad aseyd-sed uoreroua3-)siy 9say [, , “ANoIdWIs 10§ UMOYS ST JWOSI [BINJONIS dUO AJUO “IOAIMOY
{SweI30)ewOd UOI PIJIRNXI Y} Ul PAAIISQO syead osryderdojeworyd sidnnu ay) yim Jud)sisuod d[qissod
a1e s1owosI eronns Az "SINAOL-ISH(-)/D1dN 2y Aq papraoid ejep ssewr djeInddoe AY) Aq PIULIFUOD

219M se[nuLIo} Je[nod[ow ‘sjonpoid YOS P1ddep SINAOL-ISH(-)/DTdN 93edIpul saX0g "UonIeal QN
+ ouaxdost oy} woIy pawioy s3onpoid uoneIouds-1sIty dJeNIUIP-) Pue JAU0QIBIAX0IPAY-) TAUOqIRIAX00NIU
-$)) 9y} JO ABOIpP puB UONBWLIOS A} WO} UONBUWLIO) V(S 10J wistueyoow pasodoid *£]°g 3In31g

L.z 2w SNID
S
¢ONO 20NO 200 _areauip-59
NOZO NO NOZO N NO N NO
z e « A|m
“ON°HD
4s6L = MN 81 2/ m SIWID
_>:oﬁwo>x2_o>s-mo
°ONO Nozo
OH 2 .
O Om O o
z m
O/°0ON e
HO OH OH ON
6O®NBHD 062 2% SIS
qove = MW 1Auoqieafxooyu-59
2ONO °ONO ” [2oy]
OH ¢ (0] 4 € 2
o OH O od N O/%0ONJ0 2 20
- - P . AN \/ﬁj
"X0 2o /€ R
"o ONZ0 onio o0 N on‘o O oNZo  ON



Alan Kwan
Figure 2.17. Proposed mechanism for SOA formation from the formation and decay of the C5-nitrooxycarbonyl, C5-hydroxycarbonyl, and C5-dinitrate first-generation products formed from the isoprene + NO3 reaction. Boxes indicate UPLC/(-)ESI-TOFMS detected SOA products; molecular formulas were confirmed by the accurate mass data provided by the UPLC/(-)ESI-TOFMS. Multiple structural isomers are possible, consistent with the multiple chromatographic peaks observed in the extracted ion chromatograms; however, only one structural isomer is shown for simplicity. a These first-generation gas-phase products were previously observed by Skov et al. (1994) and Kwok et al. (1996); these gas-phase products were detected as the [M + CF3O]- ion by the CIMS instrument. b These are minor SOA products, confirming that the further oxidation of the C5-nitrooxycarbonyl and C5-hydroxycarbonyl first-generation products do not yield significant amounts of SOA. c This first-generation gas-phase product was previously observed by Werner et al. (1999); this gas-phase product was also detected as the [M + CF3O-]- ion by the CIMS instrument. d This particle-phase compound was detected as both its [M - H]- and [M - H + C2H4O2]- ions; the acetic acid adduct ([M - H + C2H4O2]-) ion was the molecular ion (i.e. dominant ion).
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Chapter 3

Products of peroxy radical reactions from the NO;-initiated

1. . 2
oxidation of isoprene

2 Adapted from Kwan, A. J., Chan, A. W. H., Ng, N. L., Kjaergaard, H.G., Seinfeld, J. H., and Wennberg,
P. O.: Products of peroxy radical reactions from the NO;-initiated oxidation of isoprene, in preparation.
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Abstract

Peroxy radical reactions (RO,-R0O;) in the NOs-initiated oxidation of isoprene are
studied with both gas chromatography and a chemical ionization mass spectrometry
technique that allows for more specific speciation of products than in previous studies of
this system. We find high nitrate yields (> ~ 80%), consistent with other studies. We
further see evidence of significant OH formation in this system, which we propose comes
from RO,-HO, reactions with a yield of 44-64%. The branching ratio of the radical
propagating, carbonyl and alcohol forming, and dimer forming channels of the RO,-RO;
reaction are found to be 18-38%, 59-75%, and 7-10%, respectively. HO, formation in
this system is lower than has been previously assumed. Reaction of RO, with isoprene is
suggested as a possible route to the formation of several isoprene dimer compounds
(ROOR). The nitrooxy, allylic, and Cs peroxy radicals present in this system exhibit

different behavior than the limited suite of peroxy radicals that have been studied to date.

3.1 Introduction

The global emissions of isoprene (440-660 Tg yr'' (Guenther et al., 2006)) are
larger than those of any other non-methane hydrocarbon. Because of its high abundance
and reactivity towards atmospheric radicals, isoprene plays a major role in the oxidative
chemistry of the troposphere (e.g., Chameides et al., 1988; Williams et al., 1997; Roberts
et al., 1998; Horowitz et al., 1998; Paulot et al., 2009a) and is an important precursor for
secondary organic aerosol (SOA) (e.g., Claeys et al., 2004; Kroll et al., 2005, 2006;

Surratt et al., 2006, 2010; Carlton et al., 2009).
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Nitrate radicals (NOs), which form primarily from the reaction of NO, and O3, are
likely the dominant oxidant of isoprene at night when photochemical production of
hydroxyl radicals (OH) ceases. Although nighttime isoprene emissions are negligible
(Sharkey et al., 1996; Harley et al., 2004), isoprene emitted late in the day, as OH
concentrations drop, remains in the nighttime atmosphere (e.g., Starn et al., 1998; Stroud
et al., 2002; Warneke et al., 2004; Steinbacher et al., 2005; Brown et al., 2009). The rate
constant for the isoprene reaction with NOs is ~ 50,000 times higher than that with Os,
the other major nighttime oxidant (Atkinson, 1997). Assuming an NO;3 mixing ratio of
10 ppt and an O3 mixing ratio of 40 ppb, oxidation of isoprene by NOs will proceed more
than an order of magnitude faster than by O;. Mixing ratios of NOj in the nighttime
continental boundary layer generally exceed 10 ppt, being in the range of 10-100 ppt
(Platt and Janssen, 1995; Smith et al., 1995; Heintz et al., 1996; Carslaw et al., 1997),
though concentrations on the order of several hundred ppt have been reported (Platt et al.,
1981; von Friedeburg et al., 2002; Brown et al., 2006; Penkett et al., 2007).

During the day, NOs is efficiently destroyed by photolysis and reaction with NO
(Wayne et al., 1991), but significant daytime concentrations have been measured under
conditions of sufficient Ox (Ox = O3 + NO;) and low actinic flux. NOj; has been shown to
reach concentrations of ~ 1 pptv and be responsible for ~ 10% of total isoprene oxidation
in the daytime under clouds or in a forest canopy (Brown et al, 2005; Forkel et al., 2006;
Fuentes et al., 2007). In Houston, with large concentrations of both NOy and O3, NO3
concentrations between 5-30 pptv in the hours before sunset have been measured (Geyer

et al., 2003a).
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The reaction of isoprene and NO; can be significant to atmospheric carbon and
nitrogen budgets — and subsequently ozone formation — particularly on a regional scale.
Globally, it is estimated the isoprene-NOj3 reaction is responsible for ~ 6-7% of total
isoprene oxidation (Horowitz et al., 2007; Ng et al., 2008) and ~ 15% of oxidized
nitrogen consumption (Brown et al., 2009). Field studies in the northeastern United
States, which has a mix of NOy and isoprene sources, find that ~ 22% of isoprene
oxidation in the residual daytime boundary layer, ~ 40% of isoprene oxidation in
airmasses advected offshore within the marine boundary layer, and ~ 73% of NO3
consumption can be attributed to this reaction (Warneke et al., 2004; Brown et al., 2009).
In addition, the isoprene-NOjs reaction is likely an important source of isoprene nitrates,
which are significant NOx-reservoir compounds affecting regional ozone formation (von
Kuhlmann et al., 2004; Fiore et al., 2005; Horowitz et al., 1998, 2007).

The oxidation mechanism and products of the isoprene-NOj reaction have been
the subject of numerous studies (Jay and Stieglitz, 1989; Barnes et al., 1990; Skov et al.,
1992; Kwok et al., 1996; Berndt and Boge, 1997; Suh et al., 2001; Zhang et al., 2002;
Fan et al., 2004; Ng et al., 2008, Perring et al., 2009; Rollins et al., 2009). The initial step
in the reaction is addition to one of the double bonds, followed by addition of O, to make
a nitrooxyalkyl peroxy radical (RO;). The RO; radicals then react with NO, (to make
short-lived peroxynitrate compounds), NOsz, HO,, NO,, or another RO», leading to a
variety of 1* generation products (Figure 3.1). We neglect RO, reactions with NO, as
NO concentrations are generally very low at night (and low in the chamber due to the

rapid reaction NO3; + NO = 2NO,).
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In a previous study (Ng et al., 2008), we show that the SOA yield from the
reaction of isoprene with NOjs radicals is higher when experimental conditions favor
RO,-RO; reactions over RO,-NOjs reactions. This phenomenon is explained in part by
the formation of low vapor pressure ROOR dimers from RO,- RO, reactions, a product
channel that had previously been considered insignificant. In light of the potential
importance of RO,-RO, reactions, we present here a detailed product study of the RO,-

RO; reactions from the NOs-initiated oxidation of isoprene.

3.2 Experimental

This work presents a detailed product study of the “excess isoprene” experiment
discussed in Ng et al. (2008). The thermal decomposition of N,Os serves as the source of
NOs; radicals. N,Os is synthesized by mixing streams of nitric oxide ( >99.5%, Matheson
Tri Gas) and ozone in a glass bulb, which forms N,Os via the following reactions

(Davidson et al., 1978):

NO + 03 2 NO, + O,
NO,+03 = NO3 + N,Os

N02+NO3 69 N205

Ozone is generated by flowing oxygen through an ozonizer (OREC V10-0); its mixing
ratio is found to be ~ 2% as measured by a UV/VIS spectrometer (Hewlett-Packard
8453). The flow rate of nitric oxide into the glass bulb is adjusted until the brown color

in the bulb disappears. The N,Os is trapped for 2 hours in an acetone-dry ice bath at
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approximately -80°C, cold enough to trap N>,Os but not O3, as condensed O3 can explode
upon warming. After synthesis, the bulb containing the N,Os, a white solid, is stored in a
liquid nitrogen dewar.

Experiments are performed in the Caltech dual 28 m’ Teflon chambers (Cocker et
al., 2001; Keywood et al., 2004). O3 (Horiba, APOA 360), NO and NO, (Horiba, APNA
360), and temperature and relative humidity (RH) (Vaisala, HMP 233) are continuously
monitored. The chambers are maintained in the dark at room temperature (~ 20-21°C)
under dry conditions (RH<10%). Prior to an experiment, the chambers are continuously
flushed for at least 24 hours. The N,Os is removed from the liquid nitrogen and
vaporizes into an evacuated 500 ml glass bulb, the pressure in which is continuously
monitored by a capacitance manometer (MKS). Once a sufficient pressure of N,Os has
been achieved in the bulb, the bulb’s contents are flushed into the chamber with a 5L
min’! air stream. After waiting ~ 1 hour to allow the N,Os to become well-mixed in the
chamber, a known volume of isoprene (Aldrich, 99%) is injected into a glass bulb and
flushed into the chamber with a 5 L min™" air stream, which initiates the reaction.

The amount of isoprene added corresponds to a mixing ratio in the chamber of ~
800 ppb, while the N,Os concentration is ~ 150 ppb. The large excess of hydrocarbon
with respect to N,Os maximizes peroxy radical self- and cross- reactions and minimizes
NO;j reactions with both peroxy radicals and stable first generation products (i.e., species
other than isoprene). This excess is magnified by adding the hydrocarbon after the N,Os
is well-mixed in the chamber: within the injected plume, hydrocarbon concentrations will

be much greater than 800 ppb.
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An Agilent 6890N gas chromatograph with flame ionization detector (GC-FID)
measures isoprene and the oxidation products methyl vinyl ketone, methacrolein, and 3-
methylfuran. The GC-FID, equipped with a bonded polystyrene-divinylbenzene based
column (HP-Plot Q, 15 m x .53 mm, 40 pum thickness, J&W Scientific), is held at 60°C
for 0.5 minutes, then ramped at 35°C min™' to 200°C, after which the temperature is held
steady for 3.5 min.

The other gas-phase products reported here are monitored with a custom-modified
Varian 1200 chemical ionization mass spectrometer (CIMS) (Ng et al., 2007; Paulot et
al., 2009b), which selectively clusters CF;0” with compounds having a high fluoride
affinity (e.g., acids, peroxides, and multifunctional nitrooxy- and hydroxy- compounds),
forming ions detected at m/z MW + 85 (Crounse et al., 2006). The quadrupole mass
filter scans from m/z 50 to m/z 425, with a dwell time of 0.5 s per mass. The CIMS
enables more specific speciation of organic nitrates than other techniques that have been
employed to study the isoprene-NOs system: Fourier transform infrared (FT-IR) (Barnes
et al., 1990; Skov et al., 1992; Berndt and Boge, 1997), thermal dissociation-laser
induced fluorescence (TD-LIF) (Perring et al., 2009; Rollins et al., 2009), and proton
transfer reaction mass spectrometry (PTR-MS) (Kwok et al., 1996; Perring et al., 2009;
Rollins et al., 2009). FT-IR and TD-LIF measure the amount of a certain functionality
(e.g., nitrates), but in complex mixtures it is difficult to distinguish compounds sharing a
common functional group (e.g., nitrooxycarbonyls and hydroxynitrates). The PTR-MS
allows for identification of individual compounds, but does so with significant
fragmentation and water clustering, which leads to complex mass spectra and an

increased probability of mass analog confusion. In contrast, the CIMS does not lead to
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significant fragmentation or water clustering under these experimental conditions, which
simplifies interpretation of mass spectra.

Because authentic standards for the major products are unavailable, we estimate
the sensitivity of the CIMS to these products using the empirical method described by Su
and Chesnavich (1982) and Garden et al. (2009). This method estimates the collision rate
of CF;0" and an analyte based on the analyte’s dipole moment and polarizability, which
are calculated with the Spartan06 quantum package based on molecular structures
optimized with the B3LYP/6-31G(d) method. While this theoretical approach compares
favorably with experimentally derived sensitivities for many compounds (Garden et al.,
2009; Paulot et al., 2009ab), it represents the largest source of uncertainty (+/- 25%) for

the CIMS data.

3.3 Results and Discussion

Because the isoprene-NOs reaction is rapid, the low time resolution of our
measurements (one measurement every ~ 12 minutes for the GC-FID and ~ 8 minutes for
the CIMS) allows us to determine only the final product distribution (Table 3.1). The
yields in Table 3.1 vary from those reported in Ng et al. (2008) due to refinements in the
estimated CIMS sensitivity, but these changes do not significantly alter the conclusions
drawn in our earlier work. Due to the computational intensity of estimating the dipole
and polarizability of large molecules, we have assumed that the CIMS has the same
sensitivity to all of the C9 and C;p compounds.

The only species for which we see time dependent signals are the ROOR dimer

compounds (CIMS m/z 332, 377, and 393), which reach peak signals 1-3 h after the
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reaction is initiated, followed by a slow decay. This slow rise and decay is likely a result
of the fact that these compounds have low vapor pressures and thus interact significantly
with instrument tubing or condense into secondary organic aerosol (~ 10 pg/m’ of SOA

forms rapidly in this experiment). For these compounds, the reported values are the peak

mixing ratios seen during the experiment.

3.3.1 Nitrate yield

Cs nitrooxycarbonyls, hydroxynitrates, and nitrooxyhydroperoxides, the major
products of the isoprene-NOjs reaction, are detected by the CIMS at m/z 230, 232, and
248, respectively. In addition, we see compounds appearing at m/z 216, 246, and 264,
which are consistent with products resulting from the isomerization of the alkoxy (RO)
radical originating from the d-nitrooxyperoxy radical from (1,4) or (4,1) addition (the
notation (X,y) indicates NO; addition to the x carbon and subsequent N,Os addition to the
y carbon) (Figure 3.2). Previous studies have shown that (1,4) additions are dominant in
this system (Skov et al., 1992; Berndt and Boge, 1997; Suh et al., 2001). Isomerization
also leads to a product at m/z 248, the same mass as the nitrooxyhydroperoxide. To
estimate the ratio of these two isobaric species, we assume that the alkoxy radical yield
from RO,-RO, reactions is identical for both the non-isomerized and isomerized
nitrooxyperoxy radical (the branching ratio of RO,-RO, is discussed further in section
3.3.4). Finally, we see dimer ROOR products at m/z 332, 377, and 393 (further discussed
in section 3.3.6). Summing the concentrations of these nitrates (and noting that the
ROOR compounds at m/z 377 and 393 sequester two nitrates), we find a total organic

nitrate concentration of ~ 100 ppb.
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We express the nitrate yield with respect to both reacted nitrogen or carbon. For
the nitrogen-based yield, we divide the nitrate concentration by the amount of NO;
radical consumed, which is equivalent to the loss of N,Os during this reaction. Lacking a
quantitative measurement of N>Os, we use the change in NO, concentration after the
addition of isoprene (~ 125 ppb) as a proxy. Each conversion of N,Os to NOjs releases
NO,, but the total change in NO, may be an overestimate of total NO; reacted because
NO; can also be released in the formation of methyl vinyl ketone (MVK), methacrolein
(MACR), 3-methylfuran (3-MF), and the Cs hydroxycarbonyl (Figure 3.3), though in
section 3.3.2 we discuss alternative formation pathways for these compounds.
Subtracting these additional NO, sources to get a lower limit for NO3; consumption leads
to an NOj3 consumption range of 109—125 ppb and a corresponding nitrate yield of ~ 80—
90%.

This high yield suggests that the NOj3 radical reacts with isoprene predominantly,
if not exclusively, via addition to a double bond. The CIMS does not see a detectable rise
in HNOs, indicating that hydrogen abstraction is not a significant pathway for this
reaction (our sensitivity to HNOs, however, is hampered by a large background —
probably from impurities in the N,Os or reaction of N,Os with trace water). Assuming
most of the 16.1 ppb of MVK, MACR, 3-MF, and the Cs hydroxycarbonyl originates
from nitrooxyperoxy radicals, we account for ~ 100% of the NOj; reacted. Additionally,
although our experimental design seeks to minimize reactions of NO3; with species other
than isoprene, our yield estimate should be considered a lower limit because there are
also possible (likely small) losses of NO3 from reaction with other radicals or first-

generation products, or heterogeneously to the chamber walls or SOA.



108

The measured nitrate yield with respect to NOs is consistent with the substantial
yields determined by other studies: ~ 95% (under NO-free conditions) (Berndt and Boge,
1997), 57 = 11% (Perring et al., 2009), and 70 = 8% (Rollins et al., 2009). Variance in
yields with different experimental methods is not surprising because they depend on the
relative concentrations of different radicals, as well as physical loss and mixing
processes, which are unique to each work. Furthermore, the final product distribution is a
strong function of the distribution of peroxy radical isomers: 6-nitrooxyperoxy radicals
tend to maintain their nitrate functionality (with the exception of the possible formation
of hydroxycarbonyl or 3-MF), while B-nitrooxyperoxy radicals, if they become
nitrooxyalkoxy radicals, are likely to lose the nitrate to form MVK or MACR (Vereecken
and Peeters, 2009). Berndt and Boge (1997) and Peeters et al. (2009) suggest that peroxy
radical isomers formed from isoprene oxidation are continuously interconverting, so the
distribution of isomers that defines the final product distribution may also be sensitive to
specific experimental conditions.

To calculate the nitrate yield with respect to carbon, we divide the concentration
of nitrates by the amount of isoprene reacted. Because a portion of the isoprene reacts
immediately upon introduction into the chamber, the exact starting isoprene
concentration is uncertain. Therefore, we assume that each of the products listed in Table
3.1 comes from one isoprene molecule, with the exception of the ROOR compounds
(which comprise two isoprene molecules) and hydrogen peroxide (which comprises
zero). This leads to an estimate of ~ 128 ppb of isoprene reacted, and a nitrate yield of ~

80%. As with the nitrogen-based yield, this result too is consistent with other studies: ~
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80% (Barnes et al., 1990), ~ 90% (Berndt and Boge, 1997), 70 + 8% (Rollins et al.,
2009), and 65 + 12 % (Perring et al., 2009).

That our CIMS-derived estimate of isoprene consumption is higher than our
independent estimate of NO3; consumption (by up to 20% depending on the sources of
NO,) suggests that our reported nitrate yields may be overestimated slightly, and should
therefore be considered upper limits. The discrepancy between our estimates of isoprene
and NO; consumption is likely attributable to the lack of an empirical calibration for the

CIMS.

3.3.2 Hydroxyl radical (OH) formation

The CIMS detects the formation of products at m/z 185, 187, 203, and 201, which
are indicative of compounds at MW 100, 102, 118, and 116, respectively. These
compounds are analogous to those depicted in Figures 3.1 and 3.2, only with oxidation
initiated by the hydroxyl radical (OH) instead of NOs (Surratt et al., 2010). Perring et al.
(2009) report PTR-MS signals at m/z 101, 103, 119, and 117, which could be the
protonated clusters of these compounds, though they attribute the latter three m/z to water
clusters of other major product ions. Under the dry conditions of our experiment,
however, we do not typically observe water clusters with, or significant fragmentation of,
the product ions, so we are confident that the signals on the CIMS in fact represent
hydroxy compounds. OH formation may also contribute to some or all of the MVK and
MACR produced in our system, though it is likely most of the 3-MF comes from
isoprene-NOj reactions because its yield in the isoprene-OH system is low (Ruppert and

Becker, 2000; Paulot et al., 2009b).
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We consider the following five possible routes to OH formation in our system:
reactions of (i) Oz and isoprene (Neeb and Moortgat, 1999), (i1)) HO, and O; (Sinha et al.,
1987), (iii) HO, and NO (Seeley et al., 1996), (iv) HO, and NO; (Mellouki et al., 1993),
and (v) RO, and HO, (Hasson et al., 2004, 2005; Jenkin et al., 2007, 2008, 2010;
Crowley and Dillon, 2008). Hypotheses (i) and (ii) are unlikely to occur. Not only is no
O; detected during the experiment (limit of detection ~ 2 ppb), but there is no evidence in
the CIMS data of significant organic acid or peroxide formation, which would result from
the reaction of O3 with isoprene (Hasson et al., 2001; Orzechowska and Paulson, 2005).
Furthermore, for hypothesis (ii) to be feasible, HO,-O; reactions (k= 1.9 x 10" cm’
molec” s, Sander et al., 2006) must be significantly faster than HO,-HO, reactions (k =
2.48 x 10" cm® molec™ s at 1 atm and 298K, Sander et al., 2006), which produce ppb
levels of H,O; in the system (Table 3.1). This would require Os to be more than three
orders of magnitude more abundant than HO,, i.e., at ppm levels, that cannot come from
trace contamination of the chamber.

To examine the remaining hypotheses, we create a box model incorporating the
major reactions in the system for developing a qualitative understanding of which
processes may be important for the final product yield. Table 3.2 lists the parameters of
this box model; for rate constants that have not been experimentally determined, we use
estimates based on the literature, but caution that the actual rate constants may differ
significantly. Initial conditions reflect the nominal concentration of reagents in the
chamber: [isoprene] = 800 ppb, [N,Os] = 125 ppb, and [NO,] = 50 ppb (the NO; likely
results from decomposition of N,Os prior to isoprene injection). In reality, though, the

isoprene concentration is higher than 800 ppb during the reaction because of our injection
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method. As discussed later, there are major uncertainties in the HO, sources and
magnitudes, so for the purposes of assessing possible OH sources, we assume as an upper
limit that the formation rate of HO, is the same as that of RO;; the final concentration of
peroxides (i.e., [ROOH] + 2 x [H,0,]) is ~ 23 ppb, much less than the ~ 109-128 ppb of
RO; that is formed (section 3.3.1), suggesting that the formation of HO, is significantly
less than that of RO..

The box model shows that the NO levels in the chamber are too low to sustain
substantial OH formation via hypothesis (iii). The NOx monitor measures < 1 ppb of NO
throughout our experiment, and any NO that may exist prior to the experiment (or as a
trace impurity in the N,Os) reacts quickly with NOs after N,Os injection; the NO lifetime
is ~ 1 s with the N,Os loading. Although NO may be generated as a minor channel of the
NO; + NOj reaction, the rapid reaction of NO and NO; limits the steady state
concentration of NO to <~ 4 ppt, so HO, + NO is unlikely to contribute to significantly
to the 12-21 ppb of OH that is formed in the system. In the simulation, NO at its
maximum concentration cannot compete with other radicals (RO,, HO,, NO;, and NO,)
reacting with HO,.

The box model also suggests that hypothesis (iv) is not feasible because of the
substantial difference in the rates of the NO;-isoprene and NOs-HO, reactions, both of
which are well established experimentally. Under the base conditions of the box model
in Table 3.2, which significantly overestimates the prevalence of HO, and underestimates
the concentration of isoprene, less than 1% of the NOjs reacts with HO,, while 94% reacts
with isoprene and the rest with RO,. Therefore, while there is significant uncertainty

with the RO,-HO,, RO,-RO,, and RO,-NOs rate constants, the frequency of the NOs-
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HO; reaction predicted by the model is quite insensitive to these rates. Even if we favor
NOs-HO; reactions by reducing the RO,-HO, and RO,-NOj rate constants by a factor of
100, we obtain ~ 5 ppb of OH formation; in contrast, lowering the isoprene-NOs rate
constant leads to significantly more production of OH via NO3-HO, (Figure 3.4). These
simulations reflect the observations of Atkinson et al. (1988) during hydrocarbon-NOs3
kinetics studies that there is apparent OH formation when slower reacting hydrocarbons
are studied. The reaction of isoprene with NOs is sufficiently fast under our experimental
conditions, however, that such behavior should not occur.

We therefore conclude that formation of OH radicals most likely results from the
reaction of RO, and HO; radicals. Quantifying the branching ratio of the RO,-HO,
reaction, however, is not trivial. There there are four documented pathways for the RO,-

HO, reaction:

RO, + HO, © ROOH (3.1a)
> ROH + 05 (3.1b)
> RO + OH + 0, (3.1¢)
- R’CHO + H,0 + O, (3.1d)

Channel (3.1a) can be quantified with CIMS measurements of peroxides. We neglect
channel (3.1b), first because there is no evidence for ozone formation, and also because
this channel is believed to proceed via a hydrotetroxide intermediate that yields O3 only if
RO; is an acylperoxy radical (RC(O)OO0) (Hasson et al., 2005). To quantify channel

(3.1c), we can use the sum of OH products as a tracer, but MVK, MACR, and the Cs
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hydroxycarbonyl can come from either OH or NOs, which leads to uncertainty in this
quantity. Similarly, the nitrooxycarbonyl can result directly from reaction (3.1d),
indirectly from the RO formed in reaction (3.1c), or RO,-RO,. Because multiple
pathways share common products, and lacking more knowledge about these individual
pathways, we cannot unambiguously constrain the RO,-HO, branching ratios with the
available data.

Recognizing the uncertainties, we estimate the OH yield from RO,-HO, but
emphasize that our assumptions and results must be verified by further studies. We
assume channel (3.1d) is negligible, as well as OH from RO,-HO, reactions where the
RO; originates from isoprene + OH (Paulot et al., 2009a), and ignore any RO,-HO,
reactions from the isomerized nitrooxy RO,. We constrain the range of OH formation
(channel 3.1c) to 9-20.5 ppb, with the upper limit being all the hydroxy products plus
MVK and MACR, and the lower limit being the upper limit minus MVK, MACR, and
the hydroxycarbonyl. We estimate channel (3.1a) by the concentration of the
nitrooxyhydoperoxide at m/z 248, so obtain a range for (3.1c)/[(3.1a)+(3.1¢c)] of between
9/20.5 and 20.5/32.1, or 44-64%.

This high yield contrasts with the existing, albeit limited, literature on RO,-HO,
reaction channels. Thus far, significant OH yields (15-67%) have been found only for
acylperoxy, methoxymethylperoxy (CH;0CH,0,), and B-carbonylperoxy
(RC(0O)CH;00) radicals, while alkylperoxy and hydroxyalkylperoxy radicals have
exhibited minimal yields (Hasson et al., 2004; Jenkin et al., 2007, 2008, 2010; Crowley
and Dillon, 2008). Perhaps the presence of nitrooxy group or the additional double bond

present in the RO, radicals in this study make the radical propagating channel more
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favored than for the compounds previously studied. We also recognize that some entirely

different mechanism unknown to us is responsible for the formation of OH.

3.3.3 RO,-RO; branching ratio

Using the data and assumptions described above, we derive a master equation for
RO,-RO; reactions. An estimated 55 ppb of RO, passes through the channel forming
R’CHO and ROH, and 5 ppb becomes ROOR (Table 3.1). The nitrooxycarbonyl yield in
excess of the hydroxynitrate yield is assumed to arise from RO-forming channels of
either RO,-HO, or RO,-RO;. Total RO formation is estimated to be 33.5-45 ppb, as
calculated from the sum of the isomerized nitrates, 3-MF, and the excess hydroxynitrate
(the upper limit includes MVK, MACR, and hydroxycarbonyl from isoprene-NO3
reactions). Of this, 9-20.5 ppb comes from RO,-HO,, depending on the true provenance
of MVK, MACR, and the hydroxycarbonyl.

Each pathway to RO (e.g., RO,-RO,, RO,-HO,, RO,-NO3) has a different heat of
reaction, which may affect the RO fate (Bernt and Boge, 1997; Atkinson, 2007). Lacking
any specific knowledge about the dependence of RO fate on the reaction enthalpy,
however, we assume that every RO behaves the same, regardless of source. We also
neglect possible RO,-RO; reactions involving the hydroxyperoxy RO,.

Taking into account the uncertainties involving RO, we get between 13.5 (i.e.,
33.5-20.5) and 36 (i.e., 45-9) ppb of RO coming from RO,-RO,, and between 73.5 and 96
ppb (i.e., between 55 + 5 + 13.5 and 55 + 5 + 36) of RO, undergoing RO,-RO; reactions.

From this, we derive ranges for the RO,-RO, branching ratio:
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RO, + RO, > 2RO+ 0, (3.2a)
- R’CHO + ROH + O, (3.2b)
> ROOR + O, (3.2¢)

where the branching ratios of (3.2a), (3.2b), and (3.2¢) are 18-38%, 59-75%, and 7-10%,
respectively.

To our knowledge, this is the first study analyzing the branching ratio of RO,-RO,
reactions of isoprene nitrooxyperoxy radicals. For most peroxy radicals that have been
studied, channel (3.2a) is typically more than 50%, while channel (3.2c¢) is generally
considered negligible (Atkinson, 1997, and references therein). Ziemann (2002)
proposes ROOR formation as the source of diacyl peroxides found in SOA from
cycloalkene ozonolysis. Preliminary work in our laboratory has also detected ROOR
compounds as products of RO,-RO; reactions from the NOs-initiated oxidation of 1,3-
butadiene, as well as the OH-initiated oxidation of 1,3-butadiene and isoprene. There
remain many uncertainties regarding the mechanism of RO,-RO, reactions (Dibble,
2008), so it is difficult to assess whether reported ROOR formation (or lack thereof) is a
result of the particular radicals studied or the analytical techniques employed to study
their reaction. It is possible that the larger peroxy radicals we have studied are more
likely to form ROOR than smaller radicals because they have more vibrational modes
with which to distribute collisional energy and prevent breaking apart upon collision with
another RO, radical. This may be analogous to trends in organic nitrate (RONO,) yields
from RO,-NO reactions, which tend to increase with increasing RO, size (O’Brien et al.,

1998; Arey et al., 2001; Matsunaga and Ziemann, 2009).
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3.3.4 RO radical fate and HO, production

The fate of the alkoxy radical is important both for understanding the chamber
studies and in nighttime chemistry as it leads to the production of HO,. From the amount
of excess hydroxycarbonyl formed, we estimate that 18 ppb of HO, forms from O,
abstraction of RO (33.5-45 ppb; Section 3.3.3), or 40-54% of RO. This assumes that O,
abstraction from RO is the sole source of excess nitrooxycarbonyl, and that direct
formation from RO,-HO, reactions (equation 3.1d) is negligible. This HO; estimate is
somewhat lower than the total sum of HO, derived from peroxide measurements in our
system (23 ppb, section 3.3.2). Additional HO; comes from O, abstraction from minor
alkoxy radicals (the isomerized nitrooxyalkoxy and hydroxyalkoxy radicals), but it is not
trivial to attempt an HO, balance because of the uncertainties in both the CIMS
calibration and the sources and sinks of HO,. HO, can result from the conversion of the
nitrooxyalkoxy radical to a nitrooxycarbonyl, or MVK and MACR if the latter are from
OH + isoprene; sinks of HO, include peroxide formation, RO,-HO, derived alkoxy
radicals that do not undergo abstraction, and from nitrooxycarbonyls formed directly
from RO,-HO; via channel (3.4c¢).

Because the d-nitrooxyalkoxy radical, the dominant alkoxy radical in the system,
can isomerize via a 1,5-H shift, the large HO, yield is somewhat surprising because
isomerization reactions are typically faster than abstraction by O, (Atkinson, 2007). It is
possible that the nitrooxy group limits isomerization when the d-nitrooxyalkoxy radical is
in a Z conformation. According to the structure-activity relationship of Kwok and

Atkinson (1995), H-abstraction from a carbon with an attached nitrooxy group is an order
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of magnitude slower than from a carbon with an attached methyl group. The nitrooxy
group likely does not prevent isomerization — we see the analogous isomerized nitrates in
experiments with 1,3-butadiene, for which the isomerization must abstract a hydrogen
from the carbon a to the nitrooxy group — but more study is required to elucidate the
effect of the NO;3 group on isomerization rate. It is also possible that O, abstractions are
faster for the alkoxy radicals in this system.

While our HO; yield is higher than expected based on the alkoxy radical structure,
it is lower than the value of 80% of RO, that has been used in modeling studies
(Horowitz et al., 2007; Rollins et al., 2009). Therefore, models may overestimate the

impact of isoprene-NOjs reactions on nighttime HOy chemistry in this respect.

3.3.5 Formation of dimer compounds

In Ng et al. (2008), we report the formation of ROOR dimer compounds at m/z
377 and 393. Further examination of the CIMS data reveals other isoprene dimer
compounds. The most abundant of these, with a signal similar in magnitude to that of
m/z 393, appears at m/z 332, which indicates a hydroxynitrate ROOR. One possible
source for this compound is an RO,-RO; reaction where one RO, comes from NO; and
the other from OH. The abundance of OH is much less than that of NOs, however, so it
would be surprising if such a reaction would produce almost as much ROOR as the
reaction between nitrooxyperoxy radicals. Alternatively, this compound may result from
addition of an RO, radical to isoprene, creating a Cj alkyl (and subsequently alkyl
peroxy) radical, which undergoes an RO,-RO; reaction to create the C;¢ hydroxynitrate

ROOR (Figure 3.5). This mechanism for creating a C;9 RO, radical is analogous to the
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formation of bicyclic radicals by aromatic peroxy radicals (Atkinson and Arey, 2007).
Small amounts of the corresponding nitrooxycarbonyl and nitrooxyhydroperoxide at m/z
330 and 348, respectively, are seen, as well as a compounds at m/z 316 that can be a Co
compound that results from isomerization of a Cj nitrooxyalkoxy radical; isomerization
may also lead to a diol at m/z 348, the same mass as the hydroperoxide.

We do not know of any previous work that has examined RO, addition to alkenes
under atmospheric conditions, though it has been reported in both gas-phase combustion
(e.g., Osborn and Waddington, 1980; Stark and Waddington, 1995) and liquid-phase
studies (e.g., van Sickle et al., 1965ab; Mayo, 1968; Simmons and van Sickle, 1973),

producing both epoxides and polymeric peroxy radicals.

3.4 Implications

The observed high nitrate yields, in general agreement with previous results,
support the modeling results of Horowitz et al. (2007) that isoprene-NOs reactions, while
a minor sink of isoprene, are a substantial source of isoprene nitrates in the atmosphere.
The formation and fate of these nitrates, in turn, significantly influences tropospheric
NO, and ozone.

Although we obtain similar nitrate yields relative to both reacted nitrogen and
carbon, these two yields are fundamentally different quantities that coincidentally have
similar magnitudes. Even in an ideal situation in which NOjs reacts exclusively with
isoprene (i.e., no reactions with RO,, HO,, walls, etc.), the nitrogen based yield (i.e.,
[nitrates]/[NOs consumed]) is non-unity solely due to loss of the nitrate functionality by

the initial isoprene-NOs adduct (Figure 3.2); in contrast, the carbon-based yield (i.e.,
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[nitrates]/[isoprene reacted] or [nitrates]/[total carbon products]) is non-unity from both
nitrate losses by the initial adduct and isoprene reactions with OH. For systems with
extensive amounts of competing NOj sinks and/or OH formation, the nitrogen- and
carbon-based yields may vary considerably. Thus, when applying experimental yields to
atmospheric models, care must be taken to choose the appropriate value, as well as to
consider the conditions under which those yields are obtained.

The large yield of products from reaction of OH with isoprene is potentially very
important for nighttime chemistry, particularly because we propose that the source of OH
is from RO,-HO, reactions which likely dominate in the ambient environment. Recent
field studies suggest that the radical propagating channels of RO,-HO, reactions must be
significant to explain observations (Thornton et al., 2002; Leileveld et al., 2008).
Previous studies of nighttime chemistry have considered only alkene ozonolysis and
HO,-NO, HO,-03, and NO3-HO, reactions as sources of OH (Bey et al., 1997, 2001ab;
Harrison et al., 1998; Faloona et al., 2001; Golz et al., 2001; Geyer et al., 2003b; Ren et
al., 2003; Geyer and Stutz, 2004; Vaughan et al., 2006). While a missing OH source may
explain instances where models underestimate field measurements of OH (Faloona et al.,
2001; Ren et al., 2003), Geyer et al. (2003b) overpredict measurements by a factor of two
without such a source. Clearly, there remain many unresolved issues surrounding the
abundance of oxidants in the nighttime atmosphere.

While this study focuses on the first-generation products from the isoprene-NO;
reaction, another nighttime source of OH in the atmosphere would be the further
oxidation of the nitrooxyhydroperoxide, which can produce a dinitrooxyepoxide and OH

(Paulot et al., 2009a). In another experiment described in detail in Ng et al. (2008), we
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first add 179 ppb of isoprene to the chamber followed by three additions of N,Os (~ 120,
50, and 210 ppb). After the first two additions, isoprene is completely consumed, so the
third aliquot leads primarily to the formation of second-generation products; some
second-generation products may be oxidized by this third addition, but the amount of
N,Os added is similar to the concentration of first generation products (which is roughly
equal to the starting isoprene concentration), so such tertiary chemistry is likely to be
minimal. After this third addition, the nitrooxyhydroperoxide signal drops ~ 8 ppb, while
the signal for the dinitrooxyepoxide (at m/z 293) rises ~ 2.5 ppb. This indicates that the
epoxide (and OH) yield from the NO3 oxidation of the nitrooxyhydroperoxide is ~ 30%,
compared to ~ 75% for OH oxidation of isoprene hydroxyhydroperoxides (Paulot et al.,
2009a), although heterogeneous loss of epoxide to the acidic aerosol is also possible
(Surratt et al., 2010). The yield in the NOs system is likely lower because the dominant
first-generation peroxy radical is from the (1,4) addition of NOs. Therefore, to form an
epoxide the second NO; must add to the 2-carbon, creating a secondary alkyl radical,
whereas the more favored addition is likely to the 3-carbon creating a more stable tertiary
alkyl radical (Figure 3.6). In the OH system, (1,2) and (4,3) additions in the first
oxidation step are most common (Paulot et al., 2009b), which means that the epoxide-
forming channel involves a second OH addition to the more favored 4- or 1- carbon,
respectively.

As demonstrated by Ng et al. (2008), while ROOR compounds are minor products
of RO,-RO; reactions, they may be important in the atmosphere because they present a
means of significantly increasing the mass of a molecule, thereby reducing its volatility

and increasing its potential to form SOA. Currently, field measurements of SOA burdens
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often exceed those predicted by models (de Gouw et al., 2005; Heald et al., 2005;
Johnson et al., 2006; Volkamer et al., 2006; Simpson et al., 2007), a discrepancy that may
be explained by SOA formation pathways, such as ROOR, that are not included in
models. In this work, we see evidence of an additional ROOR formation pathway, the
RO; addition to alkenes, that may be relevant to SOA formation. As SOA itselfis a
minor product of hydrocarbon oxidation (Donahue et al., 2009), pathways that are
negligible in the context of gas-phase oxidation mechanisms may in fact be important if
they represent efficient pathways to forming SOA.

The formation of ROOR compounds in the atmosphere, and the importance of
RO,-RO; reactions in general, is difficult to predict because of the large uncertainties in
the rates of all the relevant competing pathways (RO,-RO;, RO,-NO3, RO,-NO, RO;-
HO,, RO,-alkene) as well as the large variation in ambient mixing ratios of the relevant
species. It is clear, though, that RO,-RO; reactions are most favored when the
concentration of hydrocarbon is greater than that of oxidant. For the case of isoprene-
NO; reactions, this most likely would occur in the early evening, as OH concentrations
drop and NOj concentrations are still low, though during this time NO concentrations
may still be high enough to react with a significant amount of RO..

Situations favoring nighttime RO,-RO, (or RO;-alkene) reactions may be more
prevalent for monoterpenes and sesquiterpenes, which, unlike isoprene, may be emitted at
night (Sakulyanontvittaya et al., 2008). Many of these compounds have exhibited high
SOA yields in laboratory studies, though there are still many uncertainties in the SOA
formation mechanism (Griffin et al., 1999; Hallquist et al., 1999; Spittler et al., 2006; Fry

et al., 2009). Based on our experience with isoprene, the role of monoterpene and
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sesquiterpene RO,-RO; reactions in nighttime SOA formation is worthy of further study,
particularly because the nitrooxy group is electron withdrawing, and presence of electron
withdrawing groups has been shown to significantly increase RO,-RO; reaction rates
(Lightfoot et al., 1992). As noted by other investigators (e.g., Brown et al., 2009; Fry et
al., 2009), SOA formed from the reaction of biogenic compounds with NOs — an
anthropogenic oxidant — is consistent with the common finding that while SOA is largely
composed of biogenic carbon (Bench et al., 2007; Schichtel et al., 2008), its
concentrations are correlated with anthropogenic emissions (de Gouw et al., 2005, 2008;
Quinn et al., 2006; Sullivan et al., 2006; Weber et al., 2007).

Most of the RO, formed from isoprene-NOj reactions are primary radicals,
however, whereas a significant amount of the RO, derived from monoterpenes are likely
to be secondary or tertiary. Primary RO, tend to undergo significantly faster RO,-RO;
reactions than secondary or tertiary RO, (Lightfoot et al., 1992). Reactivity trends are
less certain for RO,-NO, RO,-NOs3, and RO,-HO; reactions, but the variation in the
available data is less pronounced than for RO,-RO, (Lightfoot et al., 1992; Lesclaux,
1997; Wallington et al., 1997; Atkinson et al., 2006; Vaughan et al., 2006). So while
monoterpenes and sesquiterpenes are generally more reactive with NO3 than isoprene
(i.e., have higher RO, formation rates) (Atkinson and Arey, 2003), RO,-RO; reactions for
these compounds may be less competitive than for isoprene under the same conditions
because of the significantly lower RO,-RO; rate constants compared to competing
reactions.

Although we have gained insights into the isoprene-NOj3 system in this work,

chamber studies such as those we report here have limitations. There currently exists no
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stable precursor of NOs suitable for chamber studies, so chemical transformations occur
the instant the NO; precursor and hydrocarbon meet; for isoprene, the chemistry occurs
on a much faster timescale than the mixing. Because of our experimental conditions, we
are able only to do an end product analysis of our experiments, and are unable to perform
kinetic modeling, which could provide deeper insights into the system. Furthermore,
while we can constrain RO, reaction pathways in chamber studies of OH oxidation (i.e.,
RO,+NO for high NOy conditions and RO,+HO; for low NOy conditions), this is
currently not feasible for NO; chamber studies. Also, while the CIMS can isolate
oxidation products with greater specificity than other techniques, the lack of commercial
or easily synthesizable standards leads to uncertainties in product quantification.

Up to now, most studies relating to hydrocarbon oxidation mechanisms and
kinetics have focused on ozone or the OH radical; application of the techniques employed
in those studies to NO; oxidation kinetics and mechanisms offers promise to significantly
advance our understanding of nighttime atmospheric chemistry, but will require
overcoming challenges such as reagent sythesis (including isomeric specificity), finding
suitable radical precursors, and limiting secondary and competing reactions. Many of our
results (e.g., OH yield from RO,-HO;, RO yield from RO,-RO,, HO, formation from
RO, ROOR formation, RO,-HO; reaction rates) differ from those suggested by previous
work on different — mostly small alkylperoxy, acylperoxy, or hydroxyalkylperoxy —
systems. More studies focused on nitrooxy and allylic peroxy radicals, as well as larger

peroxy radicals, are warranted.
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final concentration

Compound Method m/z (CIMS) (ppb)

C4 compounds

MACR GC-FID - 3
MVK GC-FID - 6
C4 hydroxy carbonyl CIMS 171 <0.5
C5 Nitrates

C5 nitrooxycarbonyl CIMS 230 457
C5 hydroxynitrate CIMS 232 27.5
C5 nitrooxy hydroperoxide CIMS 248 11.6
C5 Isomerized Nitrates

C5 nitrooxy hydroxy carbonyl CIMS 246 5.5
C5 nitrooxy diol CIMS 248 3.0
C5 nitrooxy hydroxy hydroperoxide CIMS 264 21
C4 nitrooxy carbonyl CIMS 216 0.6
C5 Hydroxy compounds

C5 hydroxy carbonyl CIMS 185 2.6
C5 diol CIMS 187 23
C5 hydroxy hydroperoxide CIMS 203 4.2
C5 Isomerized hydroxy compounds

C5 dihydroxy carbonyl CIMS 201 1.5
C5 triol CIMS 203 1.3
C5 dihydroxy hydroperoxide CIMS 219 <0.5
Dimer compounds

dinitrooxy ROOR CIMS 377 1.4
isomerized dinitrooxy ROOR CIMS 393 0.9
nitrooxy carbonyl ROOR CIMS 330 <0.5
hydroxy nitrate ROOR CIMS 332 0.9
nitrooxy hydroperoxide ROOR CIMS 348 <0.5
C9 nitrooxy ROOR carbonyl CIMS 316 <05
Other

3-MF GC-FID - 4.5
hydroxyacetone CIMS 159 0.5
hydrogen peroxide CIMS 119 24
glycolaldehyde CIMS 145 0.9

Table 3.1: Products detected by GC-FID and CIMS. Products with small but non-zero
signals are noted as < 0.5 ppb.
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mechanism of 3-methylfuran formation is still unknown (Francisco-Marquez et al., 2005).
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Figure 3.4. Box model simulations for OH production in isoprene-
NOs system. Blue: base case described in Table 2; Red: RO2-
HO2 and RO2-NOs rate constants reduced by factor of 10; Green:
RO2-HO2 and RO2-NOs rate constants reduced by factor of 100;
Pink: isoprene-NOs rate constant reduced by factor of 100; Light
Blue: isoprene-NOs rate constant reduced by factor of 100. Initial
conditions: 150 ppb N20s, 800 ppb isoprene, 50 ppb NO2.
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Figure 3.4. Box model simulations for OH production in isoprene-NO3 system. Blue: base case described in Table 2; Red: RO2-HO2 and RO2-NO3 rate constants reduced by factor of 10; Green: RO2-HO2 and RO2-NO3 rate constants reduced by factor of 100; Pink: isoprene-NO3 rate constant reduced by factor of 100; Light Blue: isoprene-NO3 rate constant reduced by factor of 100. Initial conditions: 150 ppb N2O5, 800 ppb isoprene, 50 ppb NO2. 
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Chapter 4

The potential flux of oxygenated volatile organic compounds

. L] L] 3
from organic aerosol oxidation

3 Adapted from Kwan, A. J., Crounse, J. D., Clarke, A. D., Shinozuka, Y., Anderson, B. E., Crawford, J.
H., Avery, M. A., McNaughton, C. S., Brune, W. H., Singh, H. B., and Wennberg, P. O.: On the flux of
oxygenated volatile organic compounds from organic aerosol oxidation, Geophysical Research Letters, 33,
L15815, 10.1029/2006g1026144, 2006.
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Abstract

Previous laboratory and field studies suggest that oxidation of organic aerosols
can be a source of oxygenated volatile organic compounds (OVOC). Using
measurements of atmospheric oxidants and aerosol size distributions performed on the
NASA DC-8 during the INTEX-NA campaign, we estimate the potential magnitude of
the continental summertime OVOC flux from organic aerosol oxidation by OH to be as
large as 70 pptv C/day in the free troposphere. Contributions from Os, H,O,, and
photolysis may increase this estimate. These processes may provide a large, diffuse
source of OVOC that has not been included in current atmospheric models, and thus have
a significant impact on our understanding of organic aerosol, OVOC, PAN, and HOx

chemistry.

4.1 Introduction

Oxygenated volatile organic compounds (OVOC) comprise a large number of the
species whose transport to the remote troposphere can impact radical budgets and
sequester NOy in the form of nitrates (Singh et al., 1995; Wennberg et al., 1998; Muller
and Brasseur, 1999). In addition, they play a role in the formation of organic aerosols
(OA) (Kanakidou et al., 2005, and references therein). Field campaigns have noted large
concentrations of OVOC throughout the troposphere, but their budgets are poorly
understood (Singh et al., 2001, 2004; Wisthaler et al., 2002).

Ellison et al. (1999) suggest that oxidation of OA may provide an OVOC source
to the remote troposphere. Field campaigns have established the ubiquity of OA

throughout the troposphere (Murphy et al., 1998; Kanakidou et al., 2005). Most aerosols
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contain both organic and inorganic components, though significantly, the organic fraction
tends to be found on aerosol surfaces (Tervahattu et al., 2002ab, 2005, and references
therein).

Laboratory studies have demonstrated that organic surfaces can be oxidized by
OH and Os (Rudich, 2003, and references therein; Thornberry and Abbatt, 2004; Molina
et al., 2004). Several of these studies have shown volatilization of OVOC resulting from
organic surface oxidation. Molina et al. (2004), for example, report the full volatilization
of'a C;g alkane monolayer following heterogeneous loss of 2-3 OH radicals to the
surface, with many (though not exclusively) OVOC products. Evidence for such
chemistry in the ambient environment include the demonstration by Grannas et al. (2004)
that photooxidation of snow phase organic matter may explain the daytime flux of
lightweight OVOC from snowpack to the boundary layer, and field observations that
atmospheric OA becomes more oxidized with greater ozone exposure and/or age (Gogou
et al, 1996; de Gouw et al., 2005; Quinn et al., 2005; McFiggans et al., 2005).

Here, we use data collected on the NASA DC-8 during the INTEX-NA campaign
over North America in the summer of 2004 to place constraints on OA oxidation’s

potential contribution to continental summertime OVOC budgets.

4.2 Method

Aerosol size distributions for particles 10 nm to 3 pm in diameter were measured
on the DC-8 using a differential mobility analyzer (DMA) and an optical particle counter
(OPC) (Clarke et al., 2004). Comparison of the DMA and OPC data to measurements of

larger and ultrafine particles indicates that these instruments generally capture >90% of
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the total aerosol surface area except in a few select plumes. The aerosol size is quantified
in conditions that are often dryer than the ambient atmosphere, so the aerosols may lose
water (and thus mass) prior to measurement. Correcting for this effect is non-trivial,
particularly for submicron particles, so we neglect it in our calculations. We believe this
may lead to an underestimate of the total ambient surface area of less than 30%. OH
measurements were made by laser induced fluorescence (Faloona et al., 2004), ozone by
chemiluminescence (Avery et al., 2006), and H,O, by chemical ionization mass
spectrometry (Crounse et al., 2006).

The collision rate of an oxidant with aerosol along the flight track was estimated

using 1-minute averages of the aerosol surface area and oxidant mixing ratios:

collisions = ¥4 x (8RT/TM)”* x S x [0y] x f(D)

where the factor of ¥4 converts aerosol surface area to cross sectional area, (SRT/nM)” is
the thermal speed of the oxidant (R is the universal gas constant, T is temperature, M is
the oxidant molar mass), S the aerosol surface area, [Oy] the concentration of oxidant
(converted to a 24-hour average in the case of OH), and f(D) the correction applied due to
gas-phase diffusion limitations to large particles (for OH only) (Fuchs and Sutugin,
1971).

For each point along the DC-8 flight track, we obtain a 24-hour average [OH] by
scaling the observed [OH] by the ratio of the diurnally-averaged to instantaneous [OH]
calculated from a highly constrained box model (NASA LaRC photochemical box model

(Crawford et al., 1999)). Cloud effects on actinic flux, which affect [OH], are assumed to
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be constant throughout the day, though they are generally transient. We expect that our
large dataset sufficiently captures the variability of cloud effects such that they will not
significantly bias our estimate.

Following the studies of Bertram et al. (2001) and Molina et al. (2004) we assume
that each OH collision is reactive (y=1) and volatilizes 6 organic carbons. Although the
alkane used in the Molina et al. (2004) study is not representative of all OA surfaces, long
chain fatty acids may comprise a significant fraction (Tervahattu et al., 2002ab, 2005).
These parameters represent by far the largest uncertainties in our analysis. Because our
assumptions imply a unity accommodation coefficient (a=1), we account for diffusion
limitations in calculating the OH collision rate.

Estimating the OVOC flux from aerosol collisions with O3 and H,O, is
significantly more difficult. While OH is highly reactive with many classes of organic
compounds, O; reactivity and product yield are very substrate dependent (Rudich, 2003;
Thornberry and Abbatt, 2004). Also, unlike for OH (Molina et al., 2004), O; reactivity
with solid organic surfaces may depend on relative humidity (Poschl et al., 2001). For
H,0,, we found no experimental studies allowing us to constrain y or the product yield.
For these oxidants, though, estimating the collision rate with aerosols is a first step for
assessing their potential contributions to OVOC flux. We expect that the accommodation
coefficients for these two oxidants are significantly less than unity — Berkowitz et al.
(2001), for example, estimate a3 ~107 - and thus do not consider diffusion limitations

for their collision rates.

4.3 Results and Discussion
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Calculated 24-hour average collision rates are plotted as a function of elevation in
Figure 4.1. For OH (Figure 4.1a) and O; (Figure 4.1b), most of the variability is driven
by the (dry) aerosol surface area, whose elevation bin means range from ~10 um?®/cc in
the upper troposphere to ~150 pm?/cc in the lowest elevation bin. For OH, we estimate
the upper tropospheric collision rate to be ~1x10° collisions/cc/sec. Our assumption of
carbon volatilization from Molina et al. (2004) thus yields an estimated OVOC source of
~70 pptv C/day in the upper troposphere. A significantly larger source would exist in the
lower troposphere (~500 pptv C/day in the lowest 2 km), but the contribution of this
mechanism to OVOC concentrations will be less significant because of the much larger
OVOC sources from gas phase oxidation of larger hydrocarbons in this region.

Assuming a product yield for Os similar to that of OH, the ratio of OH to O;
collisions gives a value of yo3 ~107° necessary for the OVOC flux from Ojs to equal that
from OH. Achieving this value would require only ~0.1% surface coverage by typical
alkene liquids (y~107) (de Gouw and Lovejoy, 1998; Rudich, 2003). Thus, it is plausible
that for certain aerosols reaction with O3 can be a significant oxidation mechanism. This
is particularly true in the lower troposphere, where most primary (i.e., more unsaturated)
OA is expected to reside. For H,O, (Figure 1c), the equivalent Y20, ranges from ~107 in
the lower troposphere to ~107 in the upper troposphere, so H,0,’s contribution to OVOC
flux is likely confined to the lower troposphere or in cloud. Because of clouds’ high
aerosol surface area, increased actinic flux, and potential for aqueous phase chemistry,
aerosol oxidation in clouds may warrant particular attention.

Photolysis can, in principle, also lead to the decomposition of OA (Kieber et al.,

1990). To be competitive with the OH chemistry, however, photolysis rates would have
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to be relatively fast (J~107), as it is likely less efficient at degrading organic molecules in
the condensed phase than in the gas phase: caging effects can stabilize the intermediates

and aid their recombination or polymerization so that they remain in the bulk phase.

4.4 Implications

A dispersed and previously unconsidered source of OVOC from aerosol oxidation
may have important implications for tropospheric photochemistry. For example,
measurements of acetaldehyde (CH;CHO) have routinely exceeded model predictions
(Singh et al., 2001, 2004; Wisthaler et al., 2002); this was also true during INTEX-NA
(Figure 4.2a). For each acetaldehyde measurement, we divide the difference between
measured and box model-predicted mixing ratios by the photochemical lifetime to
estimate the flux necessary to reconcile the difference. We find that a source of ~90
pptv/day (~180 pptv C/day) is required to sustain the observed acetaldehyde
concentrations in the upper troposphere. INTEX-NA also marked the first extensive
airborne measurements of peroxyacetic acid (CH3;C(O)OOH, PAA), which significantly
exceeded model-predicted values in the upper troposphere as well (Figure 4.2b); a similar
analysis for PAA yields an estimated missing source of ~20-200 pptv C/day (Crounse et
al., in preparation). Even considering only acetaldehyde, oxidation by OH alone is likely
too small to explain the upper tropospheric discrepancies between OVOC measurements
and models; other oxidation mechanisms or alternative explanations should be explored.

A significant flux of OVOC from aerosol would have consequent impacts on
HOy and peroxyacyl nitrates. In fact, if the observations and our understanding of the

subsequent chemistry of acetaldehyde are correct, peroxyacetyl nitrate (PAN) formation
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is very fast in the upper troposphere. Observations of PAN are not, however, consistent
with those of acetaldehyde, based on current understanding of the chemistry that links
these compounds (Staudt et al., 2003).

A large OVOC flux from aerosol is also incompatible with current OA budgets.
The IPCC (2001) estimate of OA flux is ~150 Tg “organic matter”/year, or ~100 Tg
Clyear. If our estimated OA oxidation rate from OH were representative of the entire
atmosphere, the global flux of organic carbon from aerosol would be as large as ~150 Tg
C/yr (integrating with bin median collision rates, ~100 TgC/yr; interquartile range, ~50—
200 Tg C/yr). This is clearly an upper limit due to the assumptions of unity y and that the
continental summertime conditions of INTEX-NA are representative. Nonetheless, even
a fraction of this large flux would imply that oxidation may need to be included in
models, which currently consider only wet depositional loss. From our carbon flux (and
assuming an aerosol density of 1 g/cc and an organic carbon fraction of 0.5), we estimate
the median lifetime of aerosol organic carbon to be ~10 days; thus, oxidation may be an
important sink, particularly in the upper troposphere and regions with minimal
precipitation.

Consideration of an additional significant sink would dramatically increase top-
down estimates of OA flux based on aerosol measurements and inferences about loss
processes. Bottom-up estimates, deduced from emission inventories and secondary
organic aerosol (SOA) yields for precursor gases, may also be too low: Holzinger et al.
(2005), for example, demonstrate that many biogenic SOA precursors are too short-lived
to have been previously measured, and thus have been omitted from emission inventories.

Furthermore, because of the diversity of SOA precursor gases, the photochemistry and
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SOA yield of only a few model compounds have been extensively studied. Even for
relatively well studied compounds, such as isoprene, estimates of SOA yields are
undergoing significant revision upwards (Limbeck et al, 2003; Claeys et al., 2004ab;
Kanakidou et al., 2005; Kroll et al., 2005). In addition, our understanding of other
aspects of OA chemistry is poor. For example, Heald et al. (2005), considering only wet
depositional loss, underpredict OA mass in the free troposphere 1-2 orders of magnitude,

which they cannot attribute merely to OA flux underestimates.

4.5 Conclusions and recommendations

Our estimate of the OVOC source and its atmospheric impact are highly
uncertain due to the complexity of the processes involved and the paucity of laboratory
and field data for quantifying key parameters. Continued identification of OA
constituents and study of oxidant interactions with a wider range of substrates is
necessary to better constrain OVOC flux from atmospheric aerosols. Of particular
concern is that much of the OA in the atmosphere may actually consist of highly oxidized
humic like substances (HULIS) (Limbeck et al., 2003; Claeys et al., 2004a); whether
HULIS can be volatilized in a similar fashion as the aliphatic compounds studied in the
laboratory must be investigated. De Gouw and Lovejoy (1998) find that ozone reacts
with liquid aldehydes and ketones (y~10™*), but do not determine if any gas phase
products form. An additional difficulty in applying laboratory studies is that they have
utilized reaction parameters, such as low pressures and [O;], and high [Os] and [OH], that
are not representative of the real atmosphere. Moise and Rudich (2000) find, for

example, that yo3 drops when O, instead of He is used as a carrier gas in their
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experiments; also, Molina et al. (2004) propose that the carbon volatilization in their
experiments would be reduced at atmospheric [O;]. Laboratory studies on OA particles,
rather than surface coatings on glassware, show that yo3 is also a function of aerosol size
due to diffusion limitations in the bulk (Smith et al., 2002; Morris et al., 2002), which
should be further investigated. Other oxidants, such as NOs, may also play an important
role in aerosol oxidation. Finally, our analysis assumes that all aerosols are completely
covered with organic films; accurate parameterizations of surface coverage are

impossible without more field studies of aerosol surface coatings.
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Figure 2. Modeled (circle) vs. measured (x) elevation profiles for
acetaldehyde (a) and peroxyacetic acid (b). Marks are bin medians, lines are
interquartile range. Model predictions offset by .25 km for clarity. Model
assumes a PAA lifetime of ~ 20 days (upper limit).
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Chapter 5

Conclusions and future directions
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The study of organic aerosols will likely remain an active, complex, and evolving
field. While this work, encompassing just a small selection of the field’s analytical tools
and current problems, has provided potentially important insights, it has also created
many new questions deserving of further study.

In Chapter 2 we show the importance of ROOR dimers to SOA formation in
laboratory studies. These compounds have generally been considered insignificant in the
past, but their discovery motivates new avenues of research, in particular because SOA
comprises a minor portion of VOC oxidation products, so even minor reaction pathways
may be important. As ROOR dimers are novel compounds, the kinetics and mechanism
of their formation are unknown even under controlled laboratory conditions, which
makes predictions about their atmospheric relevance purely speculative. More studies
focusing on ROOR are necessary to characterize their importance in atmospheric
chemistry. Ultimately, it would be ideal to develop robust correlations between ROOR
yields and measureable parameters (e.g., temperature, pressure, peroxy radical structure)
for use in atmospheric models.

Even if ROOR formation were fully characterized, its full impact in the
atmosphere will not be understood without knowledge of its subsequent reaction
pathways. Although ROOR dimers are important SOA precursors in the laboratory, they
do not lead exclusively to SOA. For many organic compounds, oxidation can either add
mass and polarity, increasing the likelihood of SOA formation, or break carbon-carbon
bonds, increasing volatility and decreasing the likelihood of SOA formation. Not
reported in Chapter 2 is the formation of C; compounds in experiments where second

generation chemistry is possible, i.e., where the concentration of NOs radical exceeds that
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isoprene. These likely come from the breaking of carbon-carbon bonds of first
generation C;o ROOR compounds. Performing analyses of multiple oxidation steps is
non-trivial because the variety of first generation products, each with their own unique
second generation chemistry, leads to extremely complicated chemical evolution in the
chamber. Thus, obtaining complete VOC oxidation mechanisms will require
systematically stepping through single oxidation steps, which is time consuming and
difficult, especially because many intermediates in the overall oxidation mechanism are
not easily synthesizable or quantifiable.

Studies on ROOR formation will center on RO,-RO; reactions, but as shown in
Chapter 3, the current suite of experimental data provide inadequate proxies for
explaining the product yield of RO,-RO; (and RO,-HO,) reactions in the isoprene-NOs
system, even for non-ROOR products. Flow tubes have been effective for characterizing
reactions of small peroxy radicals, but the study of more complex radicals is limited by
the challenges of their synthesis. It is also unclear at the moment if the conditions and
analytical techniques typically employed in flow tube studies are appropriate for forming
or detecting ROOR.

These fundamental studies are only a first step, because the atmosphere is a
complex mixture where diverse hydrocarbons react with multiple oxidants (OH, NOs, O3,
halogen atoms). If conditions favor RO,-RO; reactions, they are likely to be cross-
reactions (i.e., reactions between different peroxy radicals) rather than self-reactions (i.e.,
reactions between identical peroxy radicals). Peroxy radical cross-reactions are even less

well understood than self-reactions.
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While our work on isoprene-NOs is too recent for its impact to be assessed,
studies addressing the issues posed in our analysis of aerosol sinks (Chapter 4) suggest
that while volatilization of ambient organic aerosol does occur, it does not occur at a rate
that is significant for organic aerosol budgets, or, likely, OVOC budgets. Murphy et al.
(2007) report that tropospheric aerosols that reach the stratosphere, with an estimated age
of ~ 4-6 months, show loss of organic matter with respect to sulfate, consistent with
volatilization by heterogeneous oxidation (y > 0.1, considering only oxidation by OH
radical). The age of the particles, however, is significantly longer than the lifetime
against oxidation proposed in Chapter 4 (~ 10 days), which can be explained by our key
assumptions (y = 1 and the volatilization of 6 carbons per OH collision) being overly
favorable to volatilization, and the larger particles detected by the authors (> 300 nm)
having lower surface area to volume ratios than fine particles and thus being more
resistant to volatilization. The particle lifetimes in the study are also significantly longer
than that of most tropospheric aerosol, ~ 5-10 days against deposition (Kanakidou et al.,
2005). Recent laboratory and field studies of aerosol oxidation over these timescales
show minor loss of carbon, and negligible loss of total mass due to increasing oxygen
content in the aerosol (Capes et al., 2008; DeCarlo et al., 2008; George et al., 2008;
Dunlea et al., 2009). Although heterogeneous oxidation may not be relevant to OVOC
production or aerosol abundance, its impacts on aerosol chemical composition still make
it worthy of further study.

Besides its exploration of scientific theories, this work also exemplifies the
importance of having a diverse array of analytical techniques for addressing the complex

problems of organic aerosols. In addition to the importance of ROOR dimers, recent
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experiments at the Caltech environmental chamber have combined insights from CIMS
and aerosol measurements to elucidate the role of peroxy acetyl nitrates and epoxydiols
in SOA formation (Surratt et al., 2009; Chan et al., 2010), while field measurements with
the CIMS have shown that biomass burning is at times the dominant source of organic
aerosols in the Mexico City airshed (Crounse et al., 2009). Where definitive conclusions
have not been achieved in this work (e.g., the parameters determining ROOR formation,
how the fate of isoprene nitrooxyalkoxy radicals depends on their formation mechanism,
or what the accommodation coefficient of oxidants on an organic aerosol is), it is
generally due to the limitations of our analytical tools, and more studies expanding the
suite of techniques and perspectives analyzing the problem may lead to more concrete
explanations.

Applying the CIMS in its current configuration to study a wider variety of
systems will likely produce more useful data, but in the future the CIMS will not be
limited to gas-phase measurements. With a custom aerosol inlet currently under
development, we will be able to apply the CIMS to direct measurements of aerosol-phase
composition, enhancing the instrument’s capabilities and its contributions to
understanding organic aerosol chemistry.

While this work has focused on applications of the CIMS to organic aerosol
studies, the instrument’s qualities make it useful to address a range of other outstanding
problems in atmospheric chemistry. In particular, its high time resolution makes it ideal
for airplane sampling, allowing for high spatial resolution for studying small scale
processes, for example the interaction of trace gases with liquid and ice cloud particles

during vertical transport. Convection and frontal lofting transport surface emissions (and
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their oxidation products) to the upper troposphere, where their fate and global impacts
may be significantly different than in their source regions (e.g., Lacis et al., 1990). As air
parcels rise, liquid and possibly ice clouds will form, providing additional media for gas
scavenging or heterogeneous reactions. Of particular interest is what happens to
dissolved gases when a liquid hydrometeor freezes. Thermodynamically, gases are less
soluble in ice than liquid water, which implies that they would be released at the level of
freezing, but kinetically, the mass transfer to the gas phase may be slower than freezing,
in which case the gases will be carried with the ice and released at the elevation the ice
sublimes or evaporates (Stuart and Jacobson, 2003). Although there have been numerous
campaigns aimed at understanding the chemical consequences of deep convection, these
campaigns have relied on traditional methods for measuring soluble acids and peroxides,
which lack the resolution to reveal the detailed structure of air masses, which is important
because encounters with cloud influenced air may be of short duration in an airplane.
Many challenges remain, some known, many waiting to be revealed by new
discoveries or creative disruptions. No tool, no instrument — or instrument user — is
perfect, and fully understanding the atmosphere and mankind’s impacts on it will require
continued diligent and multifaceted efforts filled mostly with dead ends and
misdirections, but also, occasionally, triumph, and, always, enlightenment. It is left to
future researchers to determine if this work is a dead end, a triumph, or something in

between, but regardless of history’s judgment it has been a worthwhile journey.
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