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Abstract
Atmospheric particulate matter (or "aerosol") has important implications for public health,
climate change, and visibility. Our ability to predict its formation and fate is hindered by
uncertainties associated with one type in particular, organic aerosol (OA). The study of the
chemistry underlying OA formation is complicated by the large number of reaction pathways
and oxidation generations for a given precursor species. This thesis describes a series of
experiments in which the chemistry is simplified to that of a single alkoxy radical (RO) isomer
generated from the direct photolysis of alkyl nitrites (RONO). First, OA was generated from
eleven different C 0 ORO isomers to determine the role of radical molecular structure in the
formation of low-volatility species. Here, measured aerosol yields and chemical composition
were explained by two major effects: (1) the relative importance of isomerization and
fragmentation pathways, which control the distribution of products, and (2) differences in
saturation vapor pressure of individual isomers. Next, we developed a method to investigate the
reactivity of alkoxy radicals in the condensed phase. The long chain C20 RO radical was
generated in hexane solvent to identify possible intermolecular (bimolecular) reactions with the
condensed-phase. The lack of formation of the C20 alcohol, the expected product of the
bimolecular reaction of RO with hexane indicates that these intermolecular reactions are unable
to compete with available unimolecular isomerization processes. Finally, a molecular-level study
of this same condensed-phase system with a soft ionization technique permitted the observation
of molecular ions that are assigned to specific oxidation products. This approach enables the
determination of the extent of branching for another important intermediate, the alkylperoxy
radical. The results from this thesis highlight the role of radical structure in the formation of low-
volatility products in the atmosphere, in addition to identifying the major reaction pathways
responsible for particle-phase oxidative processing.

Thesis Supervisor: Jesse H. Kroll
Title: Associate Professor of Civil, Environmental, and Chemical Engineering
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sets of hands, and as a result I have had the opportunity to work closely with every
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Chapter 1

Introduction

Atmospheric particulate matter or aerosol particles have important implications for

human health, global climate change, and visibility.' The health risks associated with exposure to

aerosols, such as increased risks of cardiopulmonary disease and lung cancer, are well

documented.2 Dockery et. al. have shown a strong relationship between air pollution and

mortality rates, with fine particulates having the strongest correlation, highlighting their negative

impact on human health.3 In addition, aerosols represent the single largest uncertainty in global

radiative forcing, and thus have large implications for our understanding of global climate

change.4 Aerosol particles can impact climate directly by absorption or scattering of incoming

solar radiation (relative to the less intense terrestrial derived long-wave radiation), resulting in

heating or cooling, or indirectly by enhancing the brightness and lifetime of clouds.5

Unfortunately, even the most sophisticated, state-of-the-art models for predicting aerosol

formation and properties, based on the results of controlled laboratory chamber experiments are

unable to accurately predict aerosol yields and lifetimes in the ambient atmosphere. In many

cases there is a strong under-prediction of aerosol loading, often of an order of magnitude or

greater, which appears to be associated with one class of aerosol in particular, organic aerosol

(OA).6'7

OA is primary (POA), emitted directly as a particle, or secondary (SOA), formed by the

gas-phase oxidation of volatile organic compounds (VOCs), producing low-volatility organic

species, which condense into the particle phase.' 9 Once in the particle phase, organic species
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will continue "aging," or reacting with gas-phase oxidants to form new products (Figure 1). It is

this formation of SOA and its chemical evolution that drive most of the uncertainty discussed

above. In order to accurately predict SOA loadings, a detailed understanding of the underlying

chemical oxidation pathways forming low volatility organics from VOCs is necessary.

Precursor ) Semivolatile Oxidation Product I Oxidation Product II ---- -(gas-phase) (gas-phase) (gas-phase)

Oxidation Product A Oxidation Product B
(gas-ph ase) (gas-phase)

Additional
Reactions

(not shown)

Oxidation Product I Oxidation Product I1---
(particle-phase) --- (particle-phase)

Oxidation Product B
(particle-phase) --- -

Semivolatile Oxidation Product A
(particle-phase) (particle-phase)

Figure 1. A highly generalized schematic of the complexity associated with VOC oxidation. The
precursor VOC is oxidized with OH, followed by the subsequent gas/particle partitioning and
chemical processing of individual oxidation products.

Three major problems confound the identification of individual products and pathways: (1) there

are a large number of reaction pathways and products that form, making the measurement of

every individual compound unrealistic (Figure 1), (2) products of the first oxidation reaction can

also be oxidized leading to several "generations" of oxidation, often existing simultaneously and

(3) it is often difficult to reproduce atmospheric conditions in laboratory studies. It is the goal of

this thesis work to add to the current understanding of the formation and evolution of OA and

help close the gap between predicted aerosol loadings and measured loadings.

Figure 2 (adapted from Lim and Ziemann, 2009) shows a highly generalized atmospheric

hydrocarbon oxidation scheme for a simple hydrocarbon (RH), highlighting the number of
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potential reaction pathways.10 Initiation occurs via hydrogen abstraction by an OH radical

yielding an alkyl radical (R). As any hydrogen atom can be abstracted, the number of possible

alkyl radicals produced in the initiation step scales with the number of carbon atoms present in

the molecule. The alkyl radical rapidly reacts with molecular oxygen to form the alkylperoxy

radical (R02), which can react by one of many channels, including: (i) reaction with NO to form

the alkoxy radical (RO), (ii) self-reaction with another R0 2 to form a carbonyl species and an

RH
alkane

*OH

RI hv 3 R -
alkyl iodide 250 nm alkyl radical ROOR

S Peroxide

02 ROOH
HO2 Hydroperoxide

NO RONO 2
alkylperoxy radical - 0lydroperoxide

R0 2

NO or RO2  ROH + R'O

RONO hv 0 RO* alcohol + carbonyl

alkyl nitrite 300- alkoxy radical
400 nm

*OH, 03, NO 3, etc.

Later Generation
Oxidation Products

Figure 2. Simplified mechanism of hydrocarbon oxidation shown here for an alkane (RH).
Species involved in chain-propagating reactions are shown in red, while chain-terminating
reactions are in blue and photolytic precursors in green.

alcohol (R'O and ROH), a peroxide (ROOR), or two RO radicals, (iii) react with H02 to form a

hydroperoxide (ROOH). The RO generated from R0 2 reaction with NO or R0 2 will further react

to form the chain terminating alkyl nitrate (RONO 2) or carbonyl (R'O), or a new chain

propagating R0 2 radical. Such branch points have the potential to produce a wide range of
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intermediates and products (shown in the figure), thereby increasing the chemical complexity of

the system hindering our ability to predict SOA yields and composition. Further complicating

this problem, the chain-terminating products formed may also react with oxidants (OH, 03, or

NO 3) and initiate a new radical chain mechanism. The measurement of products from the simple

oxidation of a single model compound thus contains a mixture of products from multiple

"generations" of oxidation.10

Reproducing atmospheric conditions that facilitate SOA formation and evolution in the

laboratory is difficult for a number of reasons. Both the oxidation of VOCs to SOA and the

heterogeneous aging of OA typically occur over a week or two in the atmosphere, while

experimental constraints typically limit smog chamber studies to a few days at most. Laboratory

aging studies assume that oxidation kinetics are first order with respect to oxidant concentration,

and therefore by exposing a VOC to elevated concentrations of oxidant, the most oxidized

products can be formed over much shorter timescales (a week of oxidation in the atmosphere can

be attained in several hours in the chamber). A complicating factor is that product formation is

not necessarily linear with respect to oxidant concentration." As a result elevated oxidant

concentrations, can complicate the interpretation of the underlying chemistry, as multiple

generation products can be present simultaneously. Furthermore, the higher concentrations of

intermediates in these studies can facilitate radical-radical intermediates that are likely not

atmospherically relevant.

In this work I extend a novel approach that was recently demonstrated by our group for

studying the detailed chemical mechanisms underlying SOA formation and evolution, by the

direct photolytic generation of organic radical species.' 2 Previously, alkyl iodides (RI) were

photolyzed with 254 nm light, to generate alkyl radicals and initiate the radical chain mechanism,
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leading to the formation of SOA in the absence of an oxidant (Figure 2). This method has the

advantages of (1) constraining the R0 2 intermediate to one specific isomer and therefore

simplifying the number of products and (2) limiting oxidation to a single generation and thereby

allowing the major reaction pathways to be determined. The aerosol generated from newly

formed condensed products was measured and characterized using an Aerodyne High-

Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS). A major drawback to

this approach is the necessity of the 254 nm light for the initiation step, introducing the potential

for photochemistry that may not be atmospherically relevant. In addition, the iodide radical is

assumed to be inert, however, some inorganic iodine species were detected in the particles,

suggesting that the iodine may influence the aerosol formation chemistry. In this thesis I will use

a similar approach to study the reactivity of RO radicals, the photolysis of alkyl nitrite (RONO)

species. This approach has the advantage of occurring more atmospherically relevant conditions,

and without the production of a reactive photofragment.

Alkyl nitrite photolysis has long served as a means for studying the reactivity and kinetics

of alkoxy radicals in the physical organic chemistry literature.' 3 14 However, much of this work

has been done with small (C1 - C5 ) RONO compounds under conditions that are not

atmospherically relevant (i.e. 02 free conditions* or at excessively high concentrations ~1 -

10%). The absorption of alkyl nitrites in the 300 - 450 nm is believed to occur from the

electronic transition (n + a*) of a lone-pair electron on the nitrogen atom. The result is a

cleavage of the RO-NO bond and the formation of the corresponding RO and NO radicals in

equation 1:

RONO + hv 4 RO + NO (1)

Unlike RI photolysis, the wavelength range over which this reaction occurs overlaps nicely with
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the solar spectrum and the output from traditional black lights (Figure 3), thus implying its

relevance to atmospheric wavelengths. Note that the intensity from the UV lamp may not be

identical to that from the solar spectrum, however, we use the same lights for all experiments and

thus the data obtained here should be unaffected, but caution should be applied for direct

application of photolysis rate constants to the atmosphere. Furthermore, NO is a common and

important radical in urban atmospheres and unlike the iodide radical and thus its production is

not an unreasonable addition to the experiment. Quantum yields for this reaction with small (<

C5) RONO have been reported and are -1 when conducted at standard temperature and pressure,

implying that collisional deactivation of any excited state RO by a bath gas (i.e. N2 or 02) is both

fast and efficient.' 3

1.2 -
- Standard UV Lamp
- Solar Flux (Noon, July 1st, 40N)
H Decyl-1-Nitrite

1.0-

0.8-

0.6-

0.4-

0.2-

0.0-Tnr-

300 310 320 330 340 350 360 370 380 390 400
Wavelength (nm)

Figure 3. UV-Vis spectrum from 300 - 400 nm of decyl-1-nitrite (blue) overlaid with the output

of a standard UV lamp (red) and the solar flux (black). Absorption intensity is normalized to the

maximum absorption over this wavelength range. The maximum absorption for RONO species

is between 315-380 nm, which overlaps nicely with the absorption from a standard UV-lamp

(centered around 350 nm).

16



In this thesis I use this technique to generate radical species that then react to form

products that we measure analytically; an approach that will be useful for constraining the major

reactive pathways for radical intermediates. This work focuses specifically on addressing the

following three questions:

(1) What is the role of alkoxy radical structure on its reactivity as it pertains to the formation

of low volatility organic species?

(2) How does the phase of the alkoxy radical, gas or aerosol (condensed) impact its reactivity?

(3) What are the major pathways and products of condensed phase alkoxy and alkylperoxy

radicals?

To address these questions a series of experiments were conducted that are detailed explicitly in

the following chapters:

Chapter 2. The role of alkoxy radical structure on the formation of low volatility species was

investigated by measuring the yields and composition of SOA that formed from the photolysis of

eleven C1oH 210NO isomers.~The isomers include those that would form from decanie oxidation,

one primary and four secondary, as well as a number of branched species with the location of the

radical center relative to the branch varied (i.e. the substituent is a, 3, y, or 6 to the radical

center). Comparison of the yields and elemental composition (O/C, H/C, and N/C) for the SOA

that forms from each isomer permits the explicit identification of the relative roles of

fragmentation and isomerization reactions.
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Chapter 3. The molecular environment of an alkoxy radical is believed to have a defining role in

determining the reactions that are accessible. For example, in the condensed liquid phase, the

reaction of alkoxy radicals with neighboring organic compounds is possible given their closer

proximity than in the gas-phase.-4 To examine this further, in this chapter I developed a

method to monitor the products of condensed phase radical reactivity using nebulization of the

mixture and measurements with the AMS. Results from real-time (on-line) and off-line analysis

are presented to highlight the relative importance of the common pathways discussed above,

unimolecular and bimolecular with inorganic species and with the surrounding organic aerosol

solution.

Chapter 4. The major pathways for condensed phase RO and R0 2 radicals are identified using

the setup developed in Chapter 3. Here, instead of the AMS, we use a sensitive chemical

ionization technique to identify individual products formed from the photolysis of large RONO

precursors and identify the likely mechanisms leading to their formation.

The results from this thesis will be useful for better constraining the role of radical

reactions in the fate of organic compounds in the atmosphere. They will add to the current body

of knowledge for how organic compounds evolve physically (i.e. partitioning between gas and

particle phases) and chemically in the atmosphere- information which is crucial to better

assessing the potential impacts on human health, climate, and visibility. Specifically, the size and

loadings of aerosol particles directly impact their health effects, while an improved

understanding the chemical pathways presents a means to estimate the potential for the

production of toxic products. Furthermore, the effects of organic aerosol on the global climate
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system are dependent on the extent to which a given aerosol either scatters or absorbs incoming

solar radiation; processes that are related to their size, concentration, and chemical composition.
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Chapter 2

Secondary Organic Aerosol Formation from
the Isolation of Individual Reactive
Pathways: Role of Alkoxy Radical Structure

Adaptedfrom: Carrasquillo, A. J.; Hunter, J. F.; Daumit, K. E.; Kroll, J. H. Secondary Organic

Aerosol Formation via the Isolation of Individual Reactive Intermediates: Role of Alkoxy

Radical Structure. J Phys. Chem. A 2014, 118, 8807-8816.

2.1 Introduction

Organic aerosol (OA) particles have important implications for human health, visibility,

and climate; however our ability to accurately predict ambient OA loadings, chemical

composition, and properties is limited.1- 3 Particularly uncertain is the chemistry associated with

secondary organic aerosol (SOA), formed from the oxidation of gas-phase VOCs and the

subsequent condensation of low-volatility products. SOA formation is immensely complex,

involving a large number of chemical species, and reaction pathways, and oxidation

generations. 3'4 This chemical complexity poses major challenges in understanding the detailed

chemistry and specific reaction pathways that govern SOA formation and evolution, particularly

when the reaction of a single oxidant with a single VOC can lead to the formation of a multitude

of products.

Figure 1 illustrates the large number of reaction pathways and intermediates possible for

even a very simple reaction system, the oxidation of an n-alkane by the OH radical. The reaction

is initiated by H-abstraction by OH at one of several sites, followed by 02 addition to form a
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distribution of alkylperoxy radicals (R0 2, not shown). In the presence of NO these will form

organonitrate (RONO 2) species or alkoxy (RO) radicals. The RO radicals are important branch

points in oxidation reactions, and for large species will either fragment into two smaller products

or undergo an intramolecular H-rearrangement (isomerization). If the resulting products are

sufficiently low in volatility, they will partition into the aerosol phase; otherwise they will

continue to react in the gas-phase and form additional products that may themselves condense.5

Every subsequent reaction with an oxidant yields a new oxidation "generation" product (e.g.

first-, second-, third-, etc. generation). The resulting aerosol thus contains many product species,

formed by numerous pathways over several generations of oxidation.

Ox Product A
h i--+ Product 1 Ox

ONO Ox Product B

Ox Product C
Product 2 O rdc

OH ,02,NO --- Product 3 Ox 0rdc

0 Ox Product F

w

6 Ox ProductG <G
Product 4 Ox

Ox Product K 

Ox Product 5 Ox
ONO Ox Product J

Figure 1. Formation of alkoxy radical isomers from n-decane. The OH radical can abstract any
available H, yielding a distribution of five different radical isomers that then react to form a wide
range of fragmentation or isomerization products; these then can oxidize further to form new
products. Alkyl nitrite photolysis, shown in red, yields one specific alkoxy radical, with little
secondary oxidation, greatly limiting the number of products formed.

In order to simplify this complex chemistry, we recently demonstrated the utility of

forming SOA by the direct photolytic generation of a single organic radical species.6 This

approach limits both the number of reactive pathways available (since only one radical species is
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formed) and the number of oxidation generations (since no oxidant is added). In that initial work,

alkyl iodides (RI) were photolyzed at 254 nm in the presence of oxygen to give an alkylperoxy

radical (R0 2). Here we expand this approach to a second key intermediate, the alkoxy radical, by

the photolysis of alkyl nitrites (RONO):

RONO + hv --* RO + NO (1)

Reaction 1 generally occurs in the 300-400 nm range, and therefore involves much lower-energy

photons than required for RI photolysis.''8 RO radicals may still be initially formed vibrationally9

or electronically 7 excited, but for the large (CIO) species considered here, collisional deactivation

by bath gas molecules8 is likely to remove this excess energy prior to reaction. In addition,

because the NO photofragment is far less reactive than I atoms formed from RI photolysis, any

undesired (and uncertain) secondary chemistry is less likely than in our previous work.

In studies of OH + alkanes under high-NO conditions, Ziemann and coworkers have

shown that the chemistry of alkoxy radicals is crucial in determining the yields and composition

of SOA.5 "0 ' Such chemical systems can involve a complex mixture of several RO isomers.

Here, using the photolysis of a series of Cio RONO isomers, we are able to examine RO radical

chemistry in even more detail, by isolating the role of individual alkoxy radical species in SOA

formation. Furthermore, in the absence of an added oxidant, the effects of multigenerational

oxidative chemistry are minimized. The study of aerosol formation from individual alkoxy

radical isomers thus allows for a highly detailed examination of the role of chemical structure

(position and degree of substitution of the radical center) on SOA yields and composition.
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2.2 Experimental

Selection and Synthesis ofAlkyl Nitrite Species. RONO species are not commercially available,

and so were synthesized in the laboratory. This synthesis, described below, requires the

corresponding alcohol as the starting material; a series of CIO RONO isomers (formula

C10H210NO) was chosen based on the large number of precursor alcohols available. The CIO

alcohols used are 1-decanol and 2-decanol (Sigma Aldrich), 3-decanol, 4-decanol, 5-decanol, 2-

methyl-5-nonanol, 2-methyl-4-nonanol, 4-methyl-5-nonanol, 2-methyl-2-nonanol, 5-methyl-5-

nonanol, and 3,4-diethyl-5-hexanol (Chemsampco). The alkoxy radicals formed from the eleven

Cio nitrite isomers synthesized are listed in Figure 2. These radicals are grouped by degree of

substitution: primary (straight-chain molecules with the radical center at the terminal carbon

atom), secondary (straight-chain molecules with the radical center at one of the

secondary/internal carbon atoms), and branched (molecules with at least one methyl or ethyl

group branching off the carbon chain).

Synthesis of the nitrites was carried out via 0-nitrosation of the alcohol.12 In this

procedure, all glassware, laboratory utensils, and aluminum foil were combusted at 550'C for ten

hours to remove all organic contaminants. Sodium nitrite (Sigma Aldrich) and the alcohol were

combined in a 1.1:1.0 molar ratio and stirred with a magnetic stirrer at 10'C. To this mixture,

chilled 6M sulfuric acid (Sigma Aldrich) was added drop-wise until a 0.5:1.0 acid:alcohol molar

ratio was achieved. The resulting clear yellow liquid was dried over sodium sulfate (Sigma

Aldrich), and neutralized with excess sodium bicarbonate (Sigma Aldrich). Purity was confirmed

by analysis with GC-FID and UV-VIS. For GC analysis, 1 pL of nitrite solution (1 pg RONO/ 1

mL hexane) was injected into an Agilent 7890 GC-FID (50 m, 0.25 mm i.d. DB-5 column; held

at 40'C for 3 minutes, then ramped to 250'C at 20'C/minute), which provided sufficient
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separation of the RONO (10-12 minute retention time) from the precursor alcohol (12-14 minute

retention time). For all syntheses, the ratio of FID signals for the RONO compound to the

unreacted alcohol was > 95:1, indicating a conversion of at least 95% of the starting material to

the nitrite. Confirmation of conversion to RONO was also made by UV-Vis spectroscopy of the

same RONO mixture, with measured spectra similar to those reported by Heicklen.8 Note that

the RONO precursor was stored in the dark and used within 1-2 hours of synthesis to maintain its

integrity.

Primary Secondary

decyl-1-oxy decyl-2-oxy decyl-3-oxy decyl-4-oxy decyl-5-oxy

Branched

2-methyl-2-nonyl-oxy 2-methyl-4-nonyl-oxy 2-methyl-5-nonyl-oxy 5-methyl-5-nony-oxy 4-methyl-5-nonyl-oxy 3,4-diethyl-3-hexyl-oxy
a-substituted y-substituted 6-substituted a-substituted 6-substituted a,0-di-substituted

Figure 2. Alkoxy radical isomers examined in this study, listed according to their structural
characterization (primary, secondary, or branched).

Chamber Studies. Experiments were conducted in a I m3 Teflon PFA (40 mil) chamber

(Ingeniven) surrounded by four 40W black lights (Sylvania BL350). The spectral output of these

lamps (300 - 400 nm, centered at -350 nm) overlaps well with the absorption spectrum of

RONO species, allowing for efficient photolysis. The chamber was operated at a constant

volume such that the air sampled was balanced with dry (RH < 7%) makeup air from a clean air

generator (Aadco, < 5 ppbv hydrocarbons). Gas phase RONO concentration was monitored with

a GC-FID (SRI 8610C) equipped with a Tenax trap and a 30 m 0.53 mm DB-5 column. Prior to
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each experiment, the chamber was flushed with clean air for a minimum of ten hours, giving a

background particle concentration of < 10 particles/cm3 .

The RONO species (stored in the dark and synthesized within the previous 1-2 hours to

maintain its integrity) and a dilution tracer hexafluorobenzene (C6 F6, Sigma-Aldrich) were

injected into the chamber via a stream of air to attain initial chamber concentrations of 200 ppbv

and 40 ppbv, respectively. For the experiments described here, high levels of NO (-I ppm) were

added to the chamber. While greater than ambient levels (typically < 100 ppb) this concentration

serves both to ensure that R0 2 + NO reactions dominate the R0 2 chemistry across all

experiments and to inhibit the formation of 03 and NO 3.

Ammonium sulfate ((NH4 ) 2SO 4) seed particles were added to promote condensation of

low-volatility species onto particles, and also to correct for losses of particles to dilution or wall

loss (as described below). Gas-phase products can interact with aerosol particles by two

mechanisms: heterogeneous nucleation/adsorption and absorptive/Raoultian partitioning.

Initially, association with the inorganic seed surface will occur by heterogeneous nucleation or

adsorption processes until a critical amount of particulate organic material has formed, and then

absorptive partitioning into this new phase will dominate. The role of seed composition has been

identified as an important factor in aerosol growth13 and is likely due to two features, the

sorption coefficients and surface acidities for different materials. For example, partitioning will

likely be more favorable for organic than inorganic media. As the polarity of inorganic seed can

vary depending on the particular composition, it seems reasonable that the extent of sorption will

vary as well. In addition, surface acidity of seed particles can also impact the chemistry of gas-

particle partitioning by catalyzing chemical transformations.
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Polydisperse (NH4 ) 2SO4 seed was generated by atomizing a 1 g/L aqueous solution with

a constant output atomizer (TSI Instruments), dried by a drierite denuder, and neutralized using

two 21Po static eliminators (Nuclecel, 10 mCi) in series. To minimize the contribution of organic

background from the seed, the aqueous (NH4 ) 2SO4 solution was extracted five times with high-

purity dichloromethane (Omnisolv, VWR) and boiled for four hours to remove any residual

solvent. Seed surface area concentrations were high enough (1000 - 1800 pm 2/cm 3 at -30 [tg/m 3 )

to inhibit new particle formation within the chamber. RONO, C6F6 , NO, and seed particles were

allowed to mix in the dark chamber for 30 minutes before the blacklights were turned on,

initiating photochemistry. Data collection continued until particle growth finished. To account

for any background contamination, several identical control experiments were conducted in the

absence of precursor RONO.

Aerosol Composition. Particle composition was measured in real time using an Aerodyne high-

resolution aerosol time of flight mass spectrometer (AMS),14 run in "V mode" (resolving power

of ~3000) to maximize sensitivity. Time series for the major aerosol families (sulfate, organic,

nitrate) were generated from high-resolution fitting of individual mass spectra, and elemental

ratios of the organics (0/C, H/C, N/C) were determined using the approach described in Aiken et

al.1 ,5 16 Filter blanks were taken for 10 minutes at the start and end of every experiment to

measure and correct for the gas-phase CO 2+signal within the AMS. All N from NO+ and NO 2+

were included in the calculation of N/C, since any nitrate formed is likely to be from

organonitrates; however only 0 atoms directly bonded to the carbon were included in the

determination of O/C.

27



Yield Calculations The time-dependent SOA yield (Y) is given by equation (2):

Y(%)= COA(t) -100%
ARONO(t) -0.840 (2)

where AcoA(t) is the increase in organic aerosol concentration (ptg/m 3) and ARONO(t) is the

mass concentration of nitrite photolyzed (the multiplicative factor 0.840 is to exclude the mass of

the NO photofragment from the yield calculation). ARONO(t) is calculated as the difference

between the initial amount present, RONO(to), and the amount remaining at time t, corrected for

flushing using measured C6F6 concentrations. For all RONO measurements the FID calibration

factor was determined by averaging the GC-FID response across all experiments at to and

equating this to 200 ppb,.

The AMS and an SMPS (TSI model 3080) were used to determine organic aerosol

formation (ACOA). Aerosol growth was corrected for wall loss and dilution using the method of

Hildebrandt et al. (2009),' in which the organic-to-sulfate mass ratio (as measured by the AMS)

is scaled by the initial sulfate mass (calculated from the SMPS volume and a density of 1.77

g/cm 3). Since sulfate mass concentration will change only by physical loss processes (deposition

to the walls and flushing), this approach corrects for losses of organic particle mass to walls and

dilution, losses of organic vapors to OA deposited on the chamber walls, and any changes to the

AMS collection efficiency or sensitivity over the course of the experiment. Note that any

partitioning of semi-volatile species to the chamber walls is not accounted for and while the

absolute yields reported here represent a lower limit, the observed trends are unlikely to be

affected.

Estimation offirst-generation product branching ratios. The relative abundances of each first-

generation product were estimated from the relative rates of reactions available to each alkoxy
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radical. Alkoxy radicals were assumed to either fragment (kfrag) into smaller products, or

isomerize "forward" (kisom-forward) to form an alkylperoxy species or "backwards" (kisom-back) to

form the hydroxycarbonyl (Figure 3). Reactions of alkoxy radicals with 02 to form carbonyls

were negligible for the straight-chain species and are not shown in Figure 3; however, they were

significant particularly for the alpha-substituted branched species and were considered there.

Reactions of peroxy radicals with NO were assumed to produce either alkoxy radicals or

organonitrates in a fixed ratio of 80:20, based on measurements and model predictions of

alkylnitrate yields from alkane + OH experiments in the presence of NOx.18

Estimates for kisom are from Atkinson' 9 (Table 1); all isomerization reactions involve H

atoms at the 6-position. Values of kfag were estimated using the enthalpy-based parameterization

developed by Atkinson'8 (Table 2), This approach provides an estimate of reaction activation

energies, Ed from:

Ed = a + AfragH*b (ri)

where a is a parameter based on the structure of the leaving radical species, b is a constant (0.4),

and AfragH is the reaction enthalpy which was estimated from smaller structurally similar species

(Table 2).1 These Ed values are then used to calculate kfrag values using the Arrhenius equation:

kfrag = A*exp(-Ed/RT) (r2)

where the recommended1 9 pre-exponential factor A is 5.0 x 10" s~1, R is the ideal gas constant

(1.987 x 10-3 kcal K-1 mol-1), and T is the absolute temperature, 298 K. Finally, branching ratios

were calculated from the rates of each channel available to all the alkoxy radicals within a given

reaction sequence.

29



A)

0

0

0
00

OH

B) 0

k.. OH
0

OH

OH

0

OH

OH 00

OH

OH 0

1-1

OH

OH ON0 2

OH

OH 0

CH;

0

OH OH

Figure 3. Branching of (A) alkoxy, (B) hydroxyalkoxy, and (C) dihydroxyalkoxy radicals for a
representative alkoxy radical system (decyl-3-oxy). Each alkoxy radical pathway is denoted by
its absolute rate constant (kfrag for fragmentation, kisom-forward for "forward isomerization", and

kisom-back for "backward isomerization"); peroxy radical + NO reactions give the organic nitrate
with a yield of P, taken to be 0.2 in all cases.

Fragmentation rates (Table 3) were also estimated using an alternative SAR, based upon

the degree of a- and P-substitution of the alkoxy radical.20 In that case, Ed is calculated from the

following formula:

Ed = 17.5 - 2.1*Na - 3.1*Np (r3)
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where Na and Np are the number of alkyl substituents located on the carbon atom a and P to the

alkoxy radical center, respectively.20

Table 1. Isomerization rate constants (from Atkinson'9 ).
6-Carbon Identity kisom s
RCH 3  3.2 x 10
RICH 2R2  3.3 x 106
R1CH(R2)R3  1.1 x 107

R1 CH(OH)R 2 2.4 x 107

Table 2. Fragmentation rate constants (based on Atkinson'9
_)

Fragment a AfragH Ed k .(-1
(kcal/mole K) (kcal/mole) kra__(s_)

Methy adical 12.9a 5.30a 15.00 4.69 x 102

Ethyl Ricl 9.8a 7.60a 12.80 1.87 x 104

R + R'CH2CH 3
Propyl, Butyl, Pentyl, 9.5a 8 .7 3b 13.00 1.45 x 104

Hexyl Radical
R + R'R"CH2CH3  8.2a 7.95b 11.40 2.21 X 105
Secondary Radical
a. Atkinson"
b. Calvert2'

Table 3. Fragmentation rate constants (based on Peeters 20).
Fragmenta Ed (kcal/mole) k (s)

Primary

RCH 3  14.10 1.3 x 103

Secondary

CH3  10.20 2.5 x 102

RCH 2CH 3  13.30 4.7 x 104

R'R"CH 2CH3  9.20 8.8 x 106

Tertiary

RCH3  10.20 1.6 x 106

CH3  13.30 8.6 x 103

a. Primary, Secondary, and Tertiary headings refer to the substitution at the radical center (at the
a-carbon)
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2.3 Results

Aerosolformation andyields. Results for a representative experiment, the photolysis of 200 ppbv

of decyl-3-nitrite, are shown in Figure 4. When the lights are turned on, RONO decays

exponentially, with a decay constant of 2.1 x 1 0 -4 s1. Photolysis rates for all nitrites are similar,

with an average decay constant of 2.5 x 10~4 s4 for all species studied. Significant GC

interferences from gas-phase products with similar retention times to RONO preclude the direct

measurement of RONO concentration after three to five hours, so fitted values (dotted line in

Figure 4) were used for all values of ARONO. Roughly 25 minutes after irradiation is initiated,

OA mass concentration (COA) begins increasing. A significant amount of SOA is formed, with

corrected loadings reaching a plateau of ~25 pg/m3 after 4-5 hours, indicating that reaction has

reached completion. Also shown in Figure 4 are the elemental ratios of the SOA formed; these

vary little over the course of the experiment, and are discussed in detail in a later section.

Background organic concentrations from seed particles (in the dark) were < 1 pg/m 3, and in

control experiments, the organic loading did not increase, even after 4-5 hours.

32



- OA M RONO/50 o H/C o O/C o N/C -2.0

30-

0**** o o0o**oo0 **00,000_0

25 1.5

E-
20 0

10

z

10-
-0.5

0 0000___00000___1___________ 

-- - - - - 0.0

0 50 100 150 200 250

Irradiation Time (minutes)

Figure 4. Time-dependent results from a representative alkoxy radical experiment, using decyl-

3-nitrite as the precursor RONO species. GC-FID measurements of RONO concentrations

(scaled by 1/50) are shown as black squares, with the exponential fit to the data as a dashed line.

The organic aerosol mass concentration (COA), corrected for wall loss and dilution, is shown in

green. Elemental ratios (O/C, H/C, and N/C) exhibit low signal-to-noise at low mass loadings

and so are shown only after -4 pg/m3 of OA is formed.

SOA formation was observed for all alkoxy radical species studied, with the exception of

3,4-diethyl-3-hexyl-oxy. Yield curves (plots of aerosol yield as a function of COA) for all alkoxy

radicals that formed SOA are shown in Figure 5. Any organic mass associated with the seed

aerosol (<1 ptg/M3 in all cases) was subtracted prior to the calculation of yields. Yields (Y) from

the three groups of alkoxy radicals decreased from Yprimary > Ysecondary > Ybranched. SOA yields for

the straight-chain species generally decreased as the radical center was located closer to the

center of the carbon skeleton (Ydecyl-1-oxy > Ydecyi-2-oxy > Ydecyl-4-oxy > Ydecy-3-oxy > YdecyI-5-oxy). The

branched alkoxy radicals exhibited lower yields than the straight-chain isomers, with yields

showing no obvious trend with the location of the branching methyl group relative to the radical

center (a, 0, y, 8). No aerosol formation was observed from the a P-disubstituted isomer (3,4-

diethyl-3-hexyl-oxy). These results are examined in detail in the Discussion section. The lower-
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limit for the amount of SOA formed was from the 4-methyl-5-nonyl-oxy radical, which

increased the aerosol diameter by ~85 nm. Given the size of the CIO precursor, this would imply

the presence of greater than 2000 monolayers and hence the physical mechanism for particle

growth is similar across all isomers.

5.0 -
Primary RO

4.5 Secondary RO

4.0- Branched RO

3.5- C 10 + OH (Presto et. al 2010)

3.0

2.5 3

2.0

4
1.5-

5
1.0A

B
0.5 D

0.0 - , , , , , , , , , ,E -
5 6 7 8 9 2 3 4 5 6 7 89 2 3 4 5

1 10

COA (pg/ 3

Figure 5. Yield % curves as a function of COA (pg/m 3) for the C10 alkoxy radical species studied.

Curves are colored by structural type: red indicates the primary radical (1: decyl-I-oxy); blue the

secondary radicals (2: decyl-2-oxy, 3: decyl-3-oxy, 4: decyl-4-oxy, and 5: decyl-5-oxy); and

black the branched radicals (A: 2-methyl-2-nonyl-oxy, B: 2-methyl-4-nonyl-oxy, C: 2-methyl-5-

nonyl-oxy, D: 5-methyl-5-nonyl-oxy, and E: 4-methyl-5-nonyl-oxy). No aerosol formation was

observed from the 3,4-diethyl-3-hexyl-oxy radical. The SOA yield of the analogous reaction, n-

decane + OH, as by Presto et al.2 is shown as the green diamond. Yields from additional

studies2-2 are not shown here as they were conducted at higher COA levels.

Product saturation vapor pressure distributions were derived from yield curves using the

volatility basis set approach,26 with fixed saturation vapor concentration (c*) bins of 1, 10, and

100 ptg/m 3 . These bins span the range of COA accessed in this study, and thus including additional

bins did not improve the fits significantly. The mass-based yields for each bin (ai, aio, and aioo)
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are listed in Table 4, both for the individual alkoxy radicals and for averages of all secondary and

branched radicals.

Table 4. Summary of SOA yield parameters and elemental ratio measurements.a

RO isomer

decyl-1-oxy
primary

decyl-2-oxy
secondary

decyl-4-oxy
secondary

decyl-3-oxy
secondary

decyl-5-oxy
secondary

Secondary Average

2-methyl-2-nonyl-oxy
a-substituted

2-methyl-4-nonyl-oxy
y-substituted

2-methyl-5-nonyl-oxy
6-substituted

5-methyl-5-nonyl-oxy
a-substituted

4-methyl-5-nonyl-oxy
#-substituted

3,4-diethyl-3-hexyl-oxyb
ap-disubstituted

Branched Averagec

O/C

0.19

0.23

0.32

0.32

0.23

0.28 +0.05

0.23

0.28

0.25

0.21

0.25

H/C

1.62

1.60

1.61

1.61

1.70

1.63 0.07

1.64

1.61

1.66

1.66

1.64

N/C

0.05

0.05

0.03

0.03

0.04

0.04 0.01

0.04

0.03

0.03

0.03

0.03

a,
(c*= 1 Ig/m3)

0.33

0.23

0.27

0.22

0.20

0.23 * 0.03

0.09

0.11

0.11

0.14

0.06

0.24 10.03 1.64 0.02 0.03 5 x 10-3 0.10 0.03

a2

(c*= 10 pg/M 3)

2.15

0.47

0.58

0.00

0.90

0.49 0.37

0.13

0.00

0.00

0.00

0.39

0.10 0.17

a3
(c*= 100 pg/M3)

7.95

9.55

6.25

7.89

3.07

6.69 L 2.77

6.67

5.99

5.99

4.76

2.68

5.22 1.58

a Species are listed in order of decreasing yields. Mass-based yields (a) were derived using a

three-product fitting with the volatility basis set for c* (pg/m3) = {1, 10, 100}. Averages are

reported as 1a.
b. SOA formation not observed.
c. Average of values for all branched alkoxy radicals except 3,4-diethyl-3-hexyl-oxy.
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Aerosol composition. Elemental ratios (O/C, H/C, and N/C) of the SOA generated from all

alkoxy radical species (averaged over the last two hours of each experiment) are also given in

Table 4. Since our determination of N/C is dominated by the NO+ and N0 2+ ions, here N/C is a

measure of organonitrate abundance. Similarly, since reported O/C ratios do not include the two

terminal 0 atoms bonded to the nitrate-N,2 7 they account only for oxygen atoms directly bonded

to the carbon skeleton, and thus represent a measure of the degree of carbon oxidation. To

correct for any contribution of background organic mass to the measured bulk properties, the

total mass of C, 0, H, and N present in the dark (seed aerosol) was subtracted from all

subsequent runs. The low organic mass loading did not change the measured O/C or H/C by

more than 5%. N/C of background organics was < 0.001, indicating a negligible contribution of

organonitrates.

As illustrated in Figure 4, elemental ratios do not vary dramatically over the course of an

experiment; on average O/C and N/C values increased slightly (by < 10% and ~5% respectively)

while H/C decreased (by ~3-5%) over 2-3 hours of irradiation. This absence of "aging" is

expected for the present system, whose chemistry is dominated by a single rate-limiting reaction

step (the photolysis of the RONO species); the subsequent drift toward slightly more oxidized

products may result from secondary oxidation reactions (described below) or slow repartitioning

effects that result from dilution of the chamber.

SOA formed from the primary alkoxy radical is less oxidized (O/C = 0.19, H/C = 1.62)

than SOA formed from secondary and branched alkoxy radicals (average values: O/C = 0.25,

H/C = 1.63). This corresponds to differences in the degree of functionalization of the carbon

skeleton: assuming that condensed species retain their CIO carbon skeleton (i.e., that the SOA

includes no fragmentation products), SOA from the primary alkoxy radical contains on average
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two oxygen-containing moieties per molecule, whereas for the SOA from secondary and

branched alkoxy radicals have up to three such moieties per molecule. At the same time, the

SOA formed from isomers with their radical centers closest to the terminus of the molecules

tended to have the highest abundances of organonitrates (N/C of 0.05 for decyl- 1 -oxy and decyl-

2-oxy vs. ~0.03 for all others). Since SOA from these isomers also had the lowest O/C values,

nitrates appear to account for a relatively large fraction of the functional groups in the less-

oxidized SOA.

2.4 Discussion

Reaction mechanism. Reaction pathways available to the alkoxy radicals studied in these

experiments are shown in Figure 6. The top panel in Figure 6 shows the initial gas-phase

reactions possible: the two key channels are (i) isomerization (green arrows), which forms a

hydroxylalkyl radical, and fragmentation (red arrows), which forms a carbonyl and an alkyl

radical. A third channel, the reaction with 02 to form a carbonyl and HO 2, is expected to be

negligible for straight-chain species but significant for some of the branched isomers. 28 The

isomerization pathway tends to form multifunctional, lower-volatility products (generally

promoting SOA formation), while fragmentation forms two smaller, relatively volatile species

(generally inhibiting SOA formation).' 0 Isomerization (including the initial H-atom transfer and

immediate addition of 02 to the alkyl radical) forms a peroxy radical, which will react with NO

to form either an alkyl nitrate (blue arrow) or another alkoxy radical. This newly-formed alkoxy

radical will mostly "back-isomerize" to form a hydroxycarbonyl, though some fraction (~10%)

will instead "forward-isomerize", ultimately leading to the formation of a dihydroxycarbonyl or

dihydroxynitrate.
23,28
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Figure 6. Formation of first-generation products from a single alkoxy radical species. Shown are
the major gas-phase (top panel) and condensed phase/heterogeneous (bottom panel) reactions
and products formed from a representative alkoxy radical, decyl-2-oxy. Alkoxy radicals will
fragment (red arrow) or isomerize (green arrow); isomerization leads to the formation of a
peroxy radical, which in the presence of NO can form an organonitrate (blue arrow) or a new
alkoxy radical, opening up additional isomerization and fragmentation channels.

The lower panel of Figure 6 shows the subsequent heterogeneous and condensed-phase

reactions available to (di)hydroxycarbonyls, which can undergo heterogeneous cyclization to

form (hydroxy)cyclic hemiacetals.'0 "11' 23 Such compounds can dimerize to form hemiacetal
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dimers, or dehydrate to form a (hydroxy)dihydrofuran. This latter compound is volatile and will

likely partition into the gas-phase, where (if oxidants are present) it will rapidly react to form

second-generation oxidation products.29

High molecular weight (m/z > 150 Da) ion fragments were observed in all mass spectra,

and the chemical formulae of major ions were determined by high-resolution analysis (Figure 7).

All such ions have 10 carbon atoms, and most are the C10 analogs of ions previously observed in

alkane + OH experiments by Lim and Ziemann2 3 ; the high-resolution identification of these ions

confirm the assignments of that study. Three of the most abundant fragments correspond to

species with 10 carbon atoms and 1-2 oxygen atoms, m/z 155.143 (CioH 190), 169.122

(CioH1 702+) and 171.138 (CloH 1902+). The time series of each fragment from representative

primary, secondary, and branched nitrite photolysis experiments are shown in Figure 8.

Fragment abundances (shown as the fraction of the organic signal) increase immediately

following irradiation and level off after 1.5 - 3 hours, with the exception of CioH1902+, which

peaks and then decreases slightly.

Following the molecular assignments of Lim and Ziemann, 3 we can tentatively assign

observed ions to major products from alkane oxidation experiments, however, further study with

softer ionization techniques (relative to electron impact) is necessary for definitive assignments.

The CIoH190 and C10H1902+ ions may correspond to two major first generation products, the

cyclic hemiacetal (m/z 155.143) and the hydroxy-cyclic hemiacetal or hemiacetal dimer (m/z

171.138), respectively. The CioH 1702+ ion (m/z 169.122) has previously been identified as the

cyclichemiacetal nitrate. This is a second-generation product, which as described may be formed

in the present experiments; thus the molecular assignment of this species is uncertain and

requires further study. Furthermore, several prominent N-containing ions of m/z > 200 are
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present, pointing to the presence of organonitrate species; the detailed molecular assignments for

such species are unclear. The absence of abundant ions corresponding to the hydroxycarbonyl,

hydroxynitrate, and dihydrofuran (which would be found at m/z 154, 138, and 140 respectively)23

is likely due to their high volatilities. Unfortunately, low ion intensities and unknown ionization

efficiencies preclude the detailed interpretation of the high-mass ions in the AMS spectra, and in

particular their relative intensities in different alkoxy radical experiments. Nonetheless, the

observation of ions similar to those observed by Lim and Ziemann23 provides strong

confirmation that the present experiments access the chemistry important in the early-generation

oxidation of alkanes.

I . . .. 1 . . . . . .... l . . . . . . I . .. . .

-

150 160 170 180 190 200 210 220 230
m/z

Figure 7. High-mass ions (m/z 150-235) in the AMS spectrum of SOA formed from decyl-1-
nitrite photolysis. Ion formulae given were confirmed by high-resolution analysis; tentative
molecular assignments are from Lim and Ziemann.2 3
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Figure 8. Ion time series for three of the major ions, m/z 155.143, 169.122, and 171.138 for a

representative primary (decy-1 -nitrite), secondary (decyl-3 -nitrite), and branched (2-methyl-4-

nonylnitrite) experiment. Traces are shown as a fraction of the total organic mass.

Role of multigenerational oxidation. The mechanism shown in Figure 6 includes no oxidation of

the reaction products; in standard (oxidant-initiated) studies of SOA, reaction products will react

further with oxidants, leading to a complex mixture of multigenerational products. By contrast,

in the present chemical system (the photolytic generation of radicals), all chemistry is initiated

without oxidants, allowing for individual oxidation steps to be studied in greater detail than in

oxidant-initiated studies. Nonetheless, some additional oxidation may occur in the present

studies via the secondary generation of oxidants. Oxidation by NO 3 and 03 is unlikely, due to the

high (ppm) levels of NO present. However, since HO 2 can be formed via secondary

isomerization reactions (Figure 6), some OH formation may occur via the HO 2 + NO reaction.

While of the OH formed will react with NO 2 to form HNO 3, the rest may potentially react with

the products formed. The importance of OH-initiated secondary chemistry can be estimated from

the behavior of the cyclic hemiacetal species (m/z 155.143 in Figures 7 and 8). Since this
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compound is in equilibrium with the highly reactive dihydrofuran (Figure 6), the presence of

oxidants will lead to a rapid depletion of that ion. However, as shown in Figure 8 no such

depletion is observed, in stark contrast to results from alkane oxidation studies."', 29 It is possible

that the depletion is not observed due to the absence of sufficient HN0 3 which is necessary to

catalyze the cyclization of hydroxycarbonyls. Furthermore, the assignment of m/z 155 to the

cyclichemiacetal is tentative, and thus this ion may correspond to an additional product. The

influence of multigenerational chemistry thus remains not entirely clear. While the ion at m/z

171.138 does indeed decrease to some extent, this may be a result of non-oxidative chemistry of

the hemiacetal dimer rather than oxidation of the hydroxy-cyclic hemiacetal.

Differences in SOA yields and properties measured in the present study and those in the

analogous n-decane + OH reaction2 2 2 4 ,2 5 ,30 are also consistent with the lack of multigenerational

oxidation in our experiments. In particular, SOA yields from OH + n-decane are substantially

higher than those from the RONO photolysis. Shown in Figure 5 is the SOA yield measured by

Presto et al.22 (green diamond). This yield falls between those measured in this study from decyl-

1 -oxy and decyl-2-oxy radicals, and thus is substantially higher than the yields inferred from the

RONO experiments (since these two radicals together account for only -24% of the first alkoxy

radical isomers formed in the n-decane + OH reaction3 1). The difference between aerosol

formation between these two studies is even more pronounced than is implied from these yield

differences, given that decyl nitrate, a volatile first-generation product from OH + n-decane, is

not formed from RONO photolysis. Studies of OH + n-decane carried out at higher OH

exposures than accessed by Presto et al. found even higher SOA yields (> 10%),24,25 consistent

with additional OH oxidation leading to more SOA formation (the experiments from Lim and

Ziemann were carried out at much higher COA, preventing a direct comparison with our results
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here). The primary and secondary RO radicals generated are those that would form from the

reaction of OH with n-decane. The approximate contribution of first-generation products to the

overall SOA yield from the OH initiated reaction is estimated from the sum of the weighted SOA

yields from each isomer. Weighting our measured yields based on the fraction of each positional

isomer expected to form results in a yield of 0.94 at COA= 6 ig/M 3, compared to 1.5 from decane

+ OH. Thus for a first approximation, neglecting heterogeneous oxidation processes and

assuming that second-generation oxidation products are minor in our experiment (discussed

below) , ~60% of SOA from decane + OH may be from first-generation products.

Similar differences are seen in the degree of oxidation of SOA; O/C ratios measured in

this work are lower (0.19 - 0.32) on average than those from OH + n-decane (0.33-0.35),25,30

whereas H/C ratios are higher (1.6-1.7 versus 1.5-1.6).25,30 These results all suggest that

multigenerational oxidation chemistry is suppressed in the present experiments, and that the

SOA formed is predominantly made up of first-generation oxidation products.

Effect of alkoxy radical structure on SOA formation. The large variability in yields and chemical

composition of SOA formed from various C1 o alkoxy radical isomers (Figure 5 and Table 4)

underscores the high degree of sensitivity of SOA formation to the exact chemical structure of

the precursor species. The location and degree of substitution of the alkoxy radical center

appears to have a governing effect on observed yields; this is particularly evident in the large

differences in yields among the various radicals with straight-chain carbon skeletons, and

between the structurally similar 2-methyl-2-nonyl-oxy and 5-methyl-5-nonyl-oxy radicals. As

described below, differences in the yield and composition of SOA from the different isomeric

alkoxy radicals can be explained in terms of two general factors, the branching between
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fragmentation and isomerization of the alkoxy radicals (including those formed subsequent to

isomerization), and the relative volatilities of the different isomeric products formed from each

radical.

Alkoxy Radical Products. The exact chemical structure of each alkoxy radical has a governing

influence on the reactive pathways available to it, which in turn can affect the amount and

composition of SOA formed."'"' Using a structure-activity relationship (SAR) to describe

alkoxy radical reactivity,28 and in particular the branching between isomerization

(functionalization) and C-C bond scission (fragmentation), we calculated the distribution of first-

generation products from each alkoxy radical studied. Such calculations take into account the

fate of not only the original alkoxy radical but also any alkoxy formed later in the reaction

sequence (see Figures 3 and 6); calculation details are given below.

The calculated product distributions for the major first generation products of each

alkoxy radical isomer are shown in Figure 9. For most of the alkoxy radicals studied,

hydroxynitrates and hydroxycarbonyls are the major products. The predicted product

distributions from decyl-1-oxy, decyl-2-oxy, and decyl-3-oxy are identical. For these species,

the formation of fragmentation products is negligible (< 3%), whereas products arising from

multiple isomerization reactions (dihydroxycarbonyls and dihydroxynitrates) represent a small

but significant (~10%) fraction of the total products. Note that the rate for H-abstraction was

assumed to be the same for all secondary carbons. The predicted products from the other two

straight-chain radicals (decyl-4-oxy and decyl-5-oxy) are similar, though they do not include the

dihydroxy species, since "forward-isomerization" reactions either cannot occur (due to the lack

of H atoms in the 6 -position) or are highly unfavorable (due to the 6-H atoms residing on methyl
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Figure 9. Distribution of major first-generation products from each alkoxy radical isomer.
Isomers are listed in order of decreasing yields; the identifiers in parentheses correspond to those
used in Figure 5.

* Hydroxynitrate 0 Dihydroxynitrate U Fragmentation Products

" Hydroxycarbonyl U Dihydroxycarbonyl t linear and cyclized forms possible

Decreasing Yields

1.0 -

E 0.8-
0

t S0.6-

0.4-
0.

LL 0.2-

0.0 1 1 1 1 "N ,6

10 P
- P AP\

3?P 0 _o lp N

Figure 10. Distribution of major first-generation products from each alkoxy radical isomer using
the substituent-based parameterization for fragmentation rates. Isomers are listed in order of
decreasing yields; the identifiers in parentheses correspond to those used in Figure 5.
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groups). The lack of formation of these low-volatility products may contribute somewhat to

their lower SOA yields. However, since the SOA yield from the decyl-4-oxy radical is somewhat

greater than that from the decyl-3-oxy radical, this appears to be a minor effect.

The calculated product distributions for the major first generation products of each

alkoxy radical isomer are shown in Figure 9. For most of the alkoxy radicals studied,

hydroxynitrates and hydroxycarbonyls are the major products. The predicted product

distributions from decyl-l-oxy, decyl-2-oxy, and decyl-3-oxy are identical. For these species,

the formation of fragmentation products is negligible (< 3%), whereas products arising from

multiple isomerization reactions (dihydroxycarbonyls and dihydroxynitrates) represent a small

but significant (10%) fraction of the total products. Note that the rate for H-abstraction was

assumed to be the same for all secondary carbons. The predicted products from the other two

straight-chain radicals (decyl-4-oxy and decyl-5-oxy) are similar, though they do not include the

dihydroxy species, since "forward-isomerization" reactions either cannot occur (due to the lack

of H atoms in the 6 -position) or are highly unfavorable (due to the 6-H atoms residing on methyl

groups). The lack of formation of these low-volatility products may contribute somewhat to

their lower SOA yields. However, since the SOA yield from the decyl-4-oxy radical is somewhat

greater than that from the decyl-3-oxy radical, this appears to be a minor effect.

Estimated product distributions from the 6- and y-substituted branched species (2-methyl-

5-nonyl-oxy and 2-methyl-4-nonyl-oxy, respectively) are similar to those of the straight-chain

species, since the branch points are located relatively far from the alkoxy radical center and thus

have little influence on the chemistry. The other branched alkoxy radicals, however, are

predicted to form very different sets of products; these can include fragmentation products,

which can at least partly explain their lower SOA yields. Three of the RO species studied have
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tertiary (a-substituted) radical centers, the mono-substituted 2-methyl-2-nonyl-oxy, 5-methyl-5-

nonyl-oxy and the di-substituted 3,4-diethyl-3-hexyl-oxy radical. The two mono-substituted

branched species (2-methyl-2-nonyl-oxy and 5-methyl-5-nonyl-oxy), despite being quite similar

structurally, have dramatically different product distributions, due to the number of isomerization

reactions available to each. 2-Methyl-2-nonyl-oxy is unable to form a hydroxycarbonyl, since the

a-substituted methyl group prevents "back-isomerization", however, it is able to undergo a

second "forward-isomerization" that 5-methyl-5-nonyl-oxy cannot. Instead, the second alkoxy

radical formed from 5-methyl-5-nonly-oxy will react with 02 to form a significant amount of

hydroxycarbonyl species (~50%). The result is that the products of the 2-methyl-2-nonyl-oxy

radical are dominated by the low-volatility dihydroxy species (-80%), whereas those from 5-

methyl-5-nonyl-oxy are either fragmentation products (25%) or hydroxycarbonyls (~50%)

formed from the RO + 02 pathway. This is consistent with 2-methyl-2-nonyl-oxy having the

highest yields among the branched isomers, and 5-methyl-5-nonyl-oxy among the lowest. For

these two tertiary RO isomers, the additional methyl group has only a minimal impact on the

extent of fragmentation because in all cases scission results in a primary radical which is less

favorable than corresponding isomerization reactions. However, fragmentation of the other

tertiary isomer, 3,4-diethyl-3-hexyl-oxy, results in the formation of a secondary radical which is

discussed below.

The lowest SOA yields measured were from the P-substituted species, 4-methyl-5-nonyl-

oxy (mono- p -substituted) and 3,4-diethyl-3-hexyl-oxy (a, P-di-substituted, for which no SOA

formation was observed). This suggests a high degree of radical fragmentation in those cases,

however the amount of fragmentation predicted by the SAR is relatively modest: 4% from 4-

methyl-5-nonyl-oxy and 30% from 3,4-diethyl-3-hexyl-oxy. This difference suggests that
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fragmentation of P-substituted alkoxy radicals may be underestimated using the SAR, which

estimates fragmentation based upon reaction enthalpy 28; this may result from the lack of accurate

values of reaction enthalpies of secondary 1 -substituted alkoxy radicals. An alternate SAR

(Figure 10) for describing alkoxy radical fragmentation, based on the degree of substitution of

the a - and 0- carbon atoms,20 predicts substantially more fragmentation (57% and 94% from 4-

methyl-5-nonyl-oxy and 3.0% from 3,4-diethyl-3-hexyl-oxy, respectively). This generally agrees

with the SOA trends observed; however that SAR also predicts increased fragmentation of a-

substituted radicals, which is not consistent with the SOA yields from those species. Both SARs

are based upon measurements of fragmentation rates of relatively small alkoxy radicals; the

direct study of the fate of larger, more substituted radicals would be useful for better constraining

these SARs. The results from this work alone, unfortunately, are not sufficient to improve these

SARs as the detailed product yields and branching ratios not measured here are necessary.

Saturation Vapor Pressure ofSOA components. As described above, the extent of alkoxy radical

fragmentation and isomerization are in good qualitative agreement with many of the observed

differences in yields, particularly for the branched species. However, the differences in yields

among the straight-chain species (which are predicted to have very similar product distributions)

and the relatively low O/C values for decyl-1-oxy and decyl-2-oxy, are not captured by this

explanation alone, pointing to additional factors controlling SOA formation. These appear to be

related to differences in the volatilities of the (isomeric) products formed. As shown in Table 4,

SOA from the secondary and branched radicals exhibit saturation vapor pressure distributions

that are skewed towards higher c* bins relative to the SOA from primary radicals, as reflected in

differences in both ai/aioo and alo/aioo ratios. This effect can also be seen in Figure 5, which
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shows that the relative differences among yields from different radical types are most

pronounced at low values of COA.

Such differences in SOA c*, even when formation occurs via similar chemistry (i.e., from

straight-chain isomers), likely arise from differences in saturation vapor pressures of the isomeric

product species. While the various precursor alkoxy radicals and their products

(hydroxycarbonyls, hydroxynitrates, etc.) have the same chemical formulae, their spatial

arrangement can lead to large differences in their relative volatilities. Among the straight-chain

radicals, yields tend to increase as the alkoxy radical center is located closer to the terminus of

the molecule. (The one exception is decyl-3-oxy, which has lower yields than decyl-4-oxy;

however such a difference is small.) This effect likely arises from the fact that functional groups

located closer to the terminus of molecules generally have larger influences on vapor pressure,

since the molecules can "stack" more efficiently. For example, for straight-chain C9 alcohols, the

vapor pressure of 1-nonanol is 5 times lower than that of 2-nonanol, which in turn is 1.4 times

lower than the vapor pressures of the remaining isomers (the differences among 3-nonanol, 4-

nonanol, and 5-nonanol are much smaller, under 5%).32 The relative ordering of SOA yields

among the straight-chain alkoxy radicals, is broadly consistent with this trend, pointing to the

role of the volatilities of product isomers on SOA formation. In addition, the presence of

aldehydes (terminal carbonyls), which have slightly lower volatilities than ketones formed by

secondary alkoxy radicals,I and are also more susceptible to oligomerization reactions (such as

hemiacetal formation),3 3 further decreases c*. Since the primary decyl-1-oxy species is the only

isomer capable of forming aldehydes, its products have a lower c*, explaining its higher values

of ac/aioo relative to those from the secondary and branched isomers. Similarly, the structure of

the carbon skeleton may play a role, since branched species generally have higher volatilities
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than straight-chain isomers. This "P25 effect" 10 may contribute to the low yields from branched

alkoxy radicals; however differences in alkoxy radical fragmentation (as described above) are

likely the dominant factor for most of the isomers studied.

Such differences in volatilities of different product isomers may also explain some of the

trends in O/C ratios, particularly among the straight-chain radicals, since products from the

decyl-1-oxy and decyl-2-oxy have a lower c* relative to corresponding isomers from the other

alkoxy radicals. This enhances the gas-to-particle partitioning of less oxidized (less

functionalized) products, resulting in lower O/C of the aerosol.34 It may also explain the

increased abundance of organonitrate species, evident by higher N/C, in SOA that is the least

oxidized (lowest O/C).

2.5 Conclusions

In the present work we highlight several important structural features of alkoxy radical

structure that influence the SOA-forming potential of straight-chain and branched alkanes. The

use of photolytically generated alkoxy radicals allows for the isolation of individual reaction

pathways and oxidation generations, permitting the examination of the role of chemical structure

in more detail than is typically possible in oxidant-initiated SOA studies. Measurements of SOA

yields and composition broadly agree with previous work on the OH initiated oxidation of

alkanes, indicating the relevance of this work to that important chemical system. However, both

SOA yields and chemical composition are found to vary dramatically with alkoxy radical

structure, even for those sharing the same carbon skeleton (e.g., the five unbranched isomers,

decyl-l-oxy through decyl-5-oxy). Such differences can largely be explained in terms of (1) the

complex branching between reaction pathways available to the alkoxy radical and (2) the role of
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functional group position and carbon skeleton on the c* of the oxidation products. These SOA

measurements also provide some insight into the role of structure on alkoxy radical reactivity; in

particular, the very low SOA yields from the P-substituted alkoxy radicals suggests substantially

more fragmentation than is predicted by commonly-used structure-activity relationships.19,20

More generally, the study of aerosol formation from single radical species enables the

importance of individual reaction pathways and products in SOA formation to be examined in

detail. For systems whose yields of condensable species are low (such as the first-generation

oxidation of CIO hydrocarbons, studied here), products that are formed in small yields may still

play a major role in SOA formation. For example, for the straight-chain structures studied, the

primary radical (decyl-1-oxy) was found to form more SOA than any of the secondary ones. In

the analogous OH + n-decane reaction, the formation of this radical (via abstraction at the

terminal carbon) accounts for only -4% of the total reaction3 1 ; however, the fractional

contribution of this channel to the total SOA formed is likely to be substantially higher than this.

Ultimately, the identification of these key channels and their products is necessary for relating

the amounts and properties of SOA to the structure of a given precursor compound.
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Chapter 3

Alkoxy radical reactivity in the condensed
phase: Probing the relative roles of
intermolecular and intramolecular reactions

3.1 Introduction. In Chapter 2 we considered the major reaction pathways for alkoxy radicals in

the gas-phase using the photolysis of alkyl nitrites. Here we extend this work to examine the

reactivity of alkoxy radicals in the condensed-phase. Condensed-phase organic radicals are

ubiquitous in both natural and engineered chemical systems, and play central roles in key

processes such as the degradation of pollutants,' weathering of materials, 2 combustion reactions,3

and the oxidative evolution of atmospheric organic aerosol particles. 4 Such organic radicals,

which include alkyl (R), alkoxy (RO) and alkylperoxy (R0 2) species, are highly reactive and

often have many reactive pathways possible. Most mechanistic studies of radical reactions have

focused on the gas phase, which (under most conditions) limits the available reactions to

unimolecular processes, or bimolecular reactions with major inorganic species (02, NO, etc.).5-7

However, the condensed phase represents a more complex molecular environment since the high

concentrations may facilitate bimolecular reactions with other organic species (molecules or

radicals). Furthermore, solvent or cage effects may modify the reactivity and dynamics of

individual radical species. Condensed-phase radicals can therefore exhibit fundamentally

different reactivity than gas-phase radicals; however in general these have received far less study,

particularly within the context of atmospheric condensed phase (reactions in aerosol and cloud

droplets).
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Here, we use a new technique (nebulization followed by aerosol mass spectrometry) to

examine the reactions of organic radicals in the condensed phase. Our specific focus is the

chemistry of alkoxy radicals (RO), key intermediates in combustion processes and the

atmospheric oxidation of organic compounds in both the gas and condensed phases.'4' 7 RO

radicals can form within the condensed phase (e.g., fuel mixtures or in atmospheric particles or

droplets by several channels): self- and cross-reactions of peroxy radicals, the reaction of R0 2

with NO, and the direct photolysis of hydroperoxide (ROOH) species. In the gas phase, RO

radicals react via one of three channels (Scheme 1): (ri) isomerization, a 1,5-intramolecular H-

atom abstraction reaction that increases the degree of functionalization; (r2) reaction with 02 to

form a carbonyl and HO 2 ; or (r3 ) C-C bond scission (fragmentation) to form two smaller species

(a carbonyl and an alkyl radical).' 8 In the condensed organic phase, an additional channel (r4) is

available, the intermolecular (bimolecular) abstraction of H atoms from other organic species

(RO + RH), forming an alcohol and an alkyl radical. Recently, such chemistry has been invoked

to explain observations of alcohol formation in heterogeneous oxidation experiments of organic

aerosol particles. 9-11,19-2 1 However, the relative importance of unimolecular and bimolecular

reactions of RO radicals is not well-constrained, and to our knowledge has not been investigated

directly.

OH

02 (r2) 0

A + H02

RH (r4)

OH *
+ Re

Bimolecular Products Unimolecular Products

Scheme 1. Possible reactions of condensed-phase alkoxy radicals.
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In our previous work, we examined the gas-phase unimolecular chemistry of alkoxy

radicals, specifically the branching between isomerization (ri) and fragmentation (rA), using the

photolysis of a series of gas-phase Cio alkyl nitrites (RONO) to generate RO radicals.2 2 Here we

extend this technique to study the chemistry of RO radicals in the condensed phase. A large alkyl

nitrite (octyl-2-dodecyl-1-nitrite, C20H4 10N0) was photolyzed in hexanes to generate

condensed-phase RO radicals (octyl-2-dodecyl-l-oxy, C20H4 10) and the reactivity of this this

species was monitored via nebulization and aerosol mass spectrometry (AMS). The reactions

of alkoxy radicals generated from other large alkyl nitrites (eicosanyl-l-nitrite, C20H410NO,

hexacosanyl-2-nitrite, C2 6H 530NO, and octacosanyl-10-nitrite, C2 8 H 70NO) was also studied;

these were found to be similar to that of octyl-2-dodecyl- 1 -oxy and so are not discussed here.

3.2 Experimental. RONO species were synthesized in the laboratory by 0-nitrosation of the

corresponding alcohol (octyl-2-dodecanol, Sigma Aldrich, 98% purity). The alcohol and sodium

nitrite (Sigma Aldrich, > 99.99% trace) were combined in a 1.1:1.0 molar ratio and stirred with a

magnetic stirrer at 25 'C while 2.5 M sulfuric acid (Sigma Aldrich, 99%) was added drop-wise

until a 0.5:1.0 acid:alcohol molar ratio was obtained. For solid alcohols (1-octacosanol, Sigma

Aldrich, > 99%;10-hexacosanol, ChemSampco), this synthesis was modified by dissolving the

precursor alcohol in hexanes prior to the addition of sodium nitrite and sulfuric acid. Finally,

additional (excess) sodium nitrite was added to neutralize any remaining acid in solution. The

resulting clear yellow liquid (or hexane + RONO solution for the solid nitrites) was dried over

sodium sulfate (Sigma Aldrich, 99%), dissolved in hexanes, and analyzed by UV-VIS absorption

spectroscopy to confirm the presence of the nitrite group, by comparison with previously

published spectra of smaller RONO.24
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RONO photolysis experiments were conducted by adding 0.01 - 0.1% (v/v) C2 0H4 10NO

in hexanes (Sigma Aldrich, 99% anhydrous) or CCl 4 (Sigma Aldrich, 99%) to a borosilicate

bottle attached to a constant output atomizer (TSI, Inc.). To attain particle volumes centered

around 250 nm, the atomizer was connected to clean, dry air (Aadco clean air generator) at 10

psi. The output from the atomizer was passed through a charcoal denuder to remove hexane

solvent, and the flow was split to a scanning mobility particle sizer (TSI, Inc.) to measure

particle size and an Aerodyne High-Resolution Aerosol Mass Spectrometer (AMS) to measure

particle composition. The AMS was run in high-resolution "W-mode" for exact mass

confirmation, and time series for individual ions were constructed using the lower-resolution "V-

mode" which affords a greater sensitivity to these high molecular weight ions. After -10 minutes

of atomization of the unreacted mixture in the dark, a single blacklight (40 W, centered at 350

nm) positioned 2-3 cm adjacent to the reactor was illuminated. The reaction was run until the

major high molecular weight signals stopped changing (typically within one hour). For several

experiments, perfluoroheptacosane (PFH, C 2 7F56) was used as an internal standard for accurate

mass calibration at m/z > 250, enabling high-resolution analysis at those high masses. In order to

add PFH (which is insoluble in hexane), air was passed over a heated (-80 C) PFH reservoir,

and then into a cooling area, allowing for the formation of pure PFH particles), before being

added to the atomizer aerosol stream and sent into the AMS.

For offline GC analysis, the reaction mixture (10 ptL) was injected into an Agilent 9575C

GC-MS inlet (280 'C) and loaded onto a column (50 m, 0.25 mm i.d. DB-5MS) held at 50'C for

two minutes and ramped to 220'C at 35 0C/minute. Substantial decomposition of the precursor

RONO was observed due to the elevated GC temperatures, the products of which co-eluted with

the alcohol. Prior to analysis, the aliquots were derivatized with BSTFA with 1% TCMS (in
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10:1 molar excess of the ROH initially added) which provided adequate separation of the alcohol.

The abundance of the derivatized alcohol (RO + Si(CH3)3), m/z 355) was monitored for all

samples.

3.3 Results and Discussion. No aerosol growth was observed from the irradiation of hexanes or

the C20 alcohol (the precursor used to synthesize the nitrite, as discussed in the Experimental

section) in a solution of hexanes (0.1 - 0.01%). Upon UV irradiation of the RONO mixture, there

is a dramatic change in the chemical composition of the solution mixture as measured by the

AMS, as discussed below. The output of the atomizer, measured as the aerosol loading by the

AMS, immediately began to increase by as much as a factor of 10 over the course of an hour.

While the exact reason for this remains unclear, this growth likely reflects changes in the

behavior of the atomizer as a result of the changing chemical composition of the mixture.

Figure 1 shows the aerosol mass spectra (m/z 260 - 320) of the C20-ONO/hexane mixture

before and after irradiation. The major ion associated with the precursor RONO molecule

(C 2 0H4 10NO) is C 19H39+ [M - CH20NO]+ at m/z 267.305. A second tracer ion for RONO may be

C20H40+ [M - HONO]* at m/z 280.313. However as shown in Figure 3, this is also a major ion

([M - H20]*)* in the mass spectrum of the corresponding alcohol, ROH (C 20H410H). ROH which

may be formed photochemically (r4, Scheme 1) though it may instead simply be unreacted

precursor from RONO synthesis. The major high-MW ions that appeared during photolysis are

m/z 294.292 (C2oH380), 295.300 (C2 0H3 90), 311.295 (C 2oH3902+), and a C 19 N-containing

fragment at m/z 277.276 (C 19H35N).

Typical time series of the C20 ions, normalized to the total organic signal (to account for

changes in atomizer output), are shown in Figure 3. Repeat experiments gave very similar results,
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though with small variations (0 - 50%) in the relative abundances of the large oxygen-containing

ions (C 2 0H380 and C2 0H 390); this is potentially due to small differences in the AMS response

for high-MW ions arising from variations in the vaporizer temperature. Also reported are the

traces for NO+ and NO 2+, fragments of the RONO reactant as well as organic nitrate (RONO 2)

products. Upon initiation of photolysis the abundance of C 19H39+ decays exponentially (kphoto =

3.6 x 10-4 s-1), as expected for the nitrite reactant. By contrast, C20H4o+ drops slightly and then

remains fairly constant; the difference between these two traces suggests contributions by the

ROH, which is discussed in detail below. The NO+ ion (a minor fragment in the RONO

spectrum) also decreases, though not as rapidly as the RONO marker peak (C19H39*), whereas

the NO 2+ion rapidly increases. After 60 minutes the NO+/NO 2+ ratio levels off at ~15, strongly

suggesting the formation of organic nitrates.25-27

4.0x1 0 Unreacted
M/Z 267.305 U After 20 min. irradiation_

3.5 C 19 H39
Alkyl Nitrite

3.0 m/zt294.292
.2 C20 H 38 0
E 2.5- Hydroxycarbonyl m/z 295.300

'm/z 277.276 C20 H39 0
o 2.0 019 H5 N m/z 280.313 Cyclic Hemiacetal

C20 H 40

1.5 Alkyl Nitrite or Alcohol

0i m/z 311.295

1.0- C20 H39 02

0.5 U~ 11II ~iI1!IF~ ~ jJ Cyclic Hemiacetal Dimer

260 265 270 275 280 285 290 295 300 305 310 315 320
m/z

Figure 1. Unit mass resolution AMS spectrum (m/z 260 - 320) of C20H4 1 0NO in hexanes in the

dark (black) and after 20 min irradiation (red, positive x-axis offset). Exact masses were
identified by high-resolution analysis, and molecular assignments are based on Lim and

Ziemann. 16
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In addition, several large oxygen-containing ions (C2oH3 80, C2 0H3 90, and C2 0H3902+)

increase upon UV exposure, indicating they are reaction products. Similar product ions have

been previously observed in studies of alkane oxidation by Lim and Ziemann 6 and in our earlier

work on SOA from gas-phase RONO photolysis.2; based on that work, the C2 0H 380, C2 0H390,

and C20H3902+ ions likely correspond to the hydroxycarbonyl, cyclic hemiacetal, and the acetal

or cyclic hemiacetal dimer, all first-generation products of alkane oxidation. The identity of the

single N-containing fragment at m/z 277.276 (C 19H35N+) is unknown, and may result from

fragmentation of a nitrate species on the heater or during ionization; thus further study with a

softer ionization technique is needed.

I . . . . ... . . .. .I ... ---I ..-a I ...I -. .I ..I -.. ..- I ...-..I ..' -* " " I- ' "
S- m/z 280.313

C20H40

0-

0-

0-

0-

04..... ............ ...

240x107

2 20

.2 16

o 12

.0 8
8

4L

260 265 270 275 280 285 290 295 300 305 310 315 320
m/z

Figure 2. High mass ions (m/z 260 - 320) in the AMS mass spectrum of C2 0H4 10H in hexanes.

The major ion in the spectrum at m/z 280.303 corresponds to the dehydrated product [M - H2 O]1.
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Figure 3. Ion time series for a typical C20H41 0NO photolysis experiment in hexanes. All ions are
normalized to total organic loading to account for changes in the atomizer output. UV lights were
turned on at t=O (vertical black line), after which point there is a decrease in the abundance of
NO+ and the major RONO ion (C19H39*), and an increase in NO 2+ and oxygenated ions
(C 2oH3 80+, C20H390, and C2 oH3 90 2+). There is a slight decrease in C20H40+ which may be due to

the normalization approach taken or by the formation of dimers with hydroxycarbonyl or cyclic
hemiacetal species.

The observed ions and time traces (Figures 1 and 3) are broadly consistent with known

features of alkoxy radical reactivity, shown in detail in Scheme 2. Following its formation, the

RO radical will either fragment (r3 ) to two smaller molecules or isomerize (ri) and react with 02

to form a hydroxylated R0 2 radical (Reaction r2, reaction with 02, is expected to be

negligible).' 8 Products from fragmentation reactions will include a number of species with 19 or

fewer carbon atoms; these may be too volatile to be measured with the current setup or difficult

to distinguish from the decomposition of C20 products on the heater or during El ionization. R0 2

can react with either NO or another R0 2 to form an additional RO radical. The newly formed RO

radical will "back-isomerize" and form the hydroxycarbonyl (m/z 294.292, [M - H2 ]), its

cyclization product the cyclic hemiacetal (m/z 295.300, [M - OH]*), and acetal or hemiacetal

dimers ([M - C2oH4102 ]+). 28 Products from multiple "forward isomerization" reactions (i.e.

dihydroxycarbonyl and hydroxyl cyclic hemiacetal) were not observed, which s consistent with
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Scheme 2. Mechanism and reaction products for a single C20 alkoxy radical in the
condensed phase.

our previous results of P-substituted RO radicals. The observation of ions corresponding to the

expected products of RO isomerization (nitrates, hydroxycarbonyls, and (cyclic) hemiacetals)

provides strong evidence that unimolecular (intramolecular H-atom abstraction) reactions are an

important reaction pathway for condensed-phase C20H4 10 radicals.

The evidence for bimolecular reactions (intermolecular H-atom abstraction reactions)

with hexane solvent molecules (r4 ) is less clear. This reaction yields ROH and a hexyl radical

(C6Hi3 ); however, only ROH is likely to be of low enough volatility to be measured by the AMS.

AMS measurements of a pure ROH standard confirm that the dominant high molecular weight

ion is C2 0H4 0o ([M - H2 0]'), formed from dehydration (on the vaporizer or within the ionizer)
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(Figure 3). As shown in Figures 1 and 3, this ion is also present prior to photolysis, suggesting

that it is either a tracer ion for the RONO, and/or that some residual ROH from the RONO

synthesis was present in the reaction mixture. The fact that the C20H40* ion abundance decreases

more slowly than that of C 19H 37+ (the other RONO tracer ion) indicates that some ROH is

present in the product mixture as well. However, from this time dependence it is unclear whether

this is a result of ROH formation from r4 (which counterbalances the drop in C19H37+ from loss

of RONO) or whether it arises from residual, relatively unreactive ROH in the mixture. In order

to distinguish these two cases, the experiment was repeated using CC 4 as a solvent instead of

hexanes, in order to prevent any possible bimolecular RO + RH reactions. Results were similar

to those in hexanes (Figure 4), with only a slight drop in C20H40o ion signal upon photolysis,

implying that the precursor RONO contributes to this signal. Furthermore, these results are

consistent with preliminary GC-MS analysis of aliquots of the reaction mixture taken throughout

the course of thee experiments. No significant increase in the total abundance of the derivatized

ROH was observed (Figure 5). Both results strongly suggest that any ROH present in the

reaction mixture was an artifact from RONO synthesis rather than a product of the bimolecular

reactions (r4). The lack of formation of the ROH in these experiments indicates that bimolecular

H-atom abstraction reactions, RO + RH, are not competitive with the available unimolecular

(isomerization) pathways.
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Figure 5. GC-MS response to derivatized reaction mixtures taken at two-minute intervals,
normalized to the initial response at t=0. There is an initial drop in the amount of derivatized
ROH once the lights are turned on. This may be due to the formation of hemiacetal/acetal species
with newly produced hydroxycarbonyl/cyclic hemiacetals. Responses are raw integrated counts
from extracted ion chromatograms of m/z 355 (C2 0H4 00 + Si(CH 3 ) 2).

The absence of observed intermolecular abstraction reactions is consistent with the fact

that bimolecular reactions involve higher entropic penalties than the corresponding unimolecular

ones, since they involve the loss of translational rather than vibrational degrees of freedom.2 9 The

present results are also consistent with previous studies of chemistry of large alkoxy radicals in
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the condensed phase.30'3 ' While many earlier studies showed that ROH could be formed from

condensed-phase RO radicals, most of these focused on small radicals (C1 - C4 ), for which the

1,5-isomerization cannot occur, and for which fragmentation is known to be slow.3 2 In addition,

most previous studies were conducted under high concentrations (1 - 10%) of radical precursors,

which may promote alkoxy disproportionation (RO + RO) reactions that form ROH and carbonyl

species. Indeed, such reactions likely explain the roughly equal observed yields of carbonyls and

ketones, 30 which would not be expected from the RO + RH reaction. In one of the few studies

examining the room-temperature chemistry of larger alkoxy radicals, Kabasakalian and co-

workers found that once alkoxy radicals reach the size at which unimolecular isomerization is

facile (i.e., in which a 1,5 H-atom shift from a secondary or tertiary carbon can occur), the yields

of the ROH (and carbonyl) drop dramatically and the yields of isomerization products greatly

increase, indicating the dominance of intramolecular abstraction reactions. 30'3 1 While some minor

reaction products from H-atom abstraction from solvent molecules were also reported,3' their

formation may have been influenced by the oxygen-free conditions of that study, which may

have impacted the lifetime of RO radicals. Thus the results of the present study are consistent

with previous work on long-chain RO radicals, and indicate that in the liquid phase,

unimolecular 1,5-H-abstraction reactions are generally more favorable than the corresponding

bimolecular RO + RH reactions. Furthermore, estimates of bimolecular H-abstraction rates

by structure-activity relationships developed with small RO radicals suggest that reaction with

hydrocarbons are not competitive with unimolecular isomerization. 3 3 Even for the most readily

abstractable H-atoms on aromatic (i.e. benzene or toluene) or branched (i.e. squalane), the rates

are estimated to be less than 50 s-1 which are on the order of 104 slower than the corresponding

unimolecular reactions. This dominance of unimolecular reactions over bimolecular ones likely
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also holds for autoxidation chemistry associated with R0 2 radicals, which was recently

suggested as a potentially important oxidation channel within organic aerosol.

3.4 Summary and Implications. The reactions of condensed phase alkoxy radicals were probed

by photolyzing and nebulizing large C20H4 1 0NO species into an aerosol mass spectrometer for

analysis. Products from intramolecular isomerization and bimolecular reactions with inorganic

species were observed, however, the major product, an alcohol, formed from a bimolecular H-

abstraction with the surrounding organic matrix was not observed. We note that this work

focuses on one specific chemical system, the reactions of unfunctionalized RO radicals within a

simple liquid alkane solvent, and our results do not necessarily imply that bimolecular reactions

never happen in ambient atmospheric aerosol. In particular, when diffusion is slow (e.g., solid

matrices or "glassy" organic aerosol)' 0 , or in which the surrounding molecules have readily

abstractable hydrogen atoms (e.g., oxygenates), bimolecular H-atom abstractions may be of

increased importance. This is an important area of future research, and may help explain why

recent laboratory studies have observed alcohols that were attributed to bimolecular reactions,9-

11,19-21 in contrast to the present results. However, alcohol species can also be formed by

reactions other than RO + RH, such as' R02+ R0 2 and RO + RO disproportionation reactions.

Moreover, in many cases (such as in most atmospheric organic aerosol) a given condensed-phase

radical will likely be chemically similar to its surrounding molecules. There, any enhancement in

bimolecular rates (for example from more readily abstractable H atoms) will also involve a

coincident enhancement in unimolecular rates. In such systems, the reactivity of alkoxy radicals

in the condensed (liquid) phase is likely to be dominated by unimolecular chemistry, similar to

alkoxy radical reactivity in the gas phase.
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Chapter 4

Reactivity of condensed-phase radicals: A
molecular-level study of RO and R0 2

products and pathways

4.1. Introduction. Chapter 2 highlighted how alkoxy (RO) radical structure can influence its

reactivity in the gas-phase and in Chapter 3, a new method to monitor its reactions in the organic

condensed phase was described. There, bimolecular RO reaction with surrounding aerosol, a

pathway previously hypothesized to occur in the condensed phase, was found to be slow at best,

relative to unimolecular isomerization reactions. The Aerosol Mass Spectrometer (AMS), used in

these experiments, provided a measurement of bulk properties (0/C, H/C, and N/C), and to some

extent molecular information from high molecular weight ions. A major drawback to this

approach is that assignments were only tentative due of the hard ionization scheme used in the

AMS. In this chapter, data taken with a different ionization technique, Direct Analysis in Real

Time (DART), which is well-suited for measuring the molecular ions of large organic species

with little to no fragmentation, will be applied to the study of the same condensed phase system

measured in Chapter 3 (C2 0 nitrites).

An assessment of the impacts of organic aerosol (OA) on climate change, human health,

and air quality, must include estimates of its atmospheric lifetime, which in turn requires an

explicit description of how it evolves chemically (e.g. with exposure to gas-phase oxidants). This

requires knowledge of the important reactions and corresponding products formed within the

particle, however, much less is known about these processes relative to analogous gas-phase. As
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discussed in Chapter 3, much of what we know about condensed-phase chemistry is derived

from analogous gas-phase reactions; however, aerosol particles represent fundamentally different

molecular environments due to the higher concentrations of molecules. Observations from

Chapter 3, for example, suggest that the pathways for alkoxy radical reactions in the condensed

phase are similar to those in the gas phase, in stark contrast to previous heterogeneous oxidation

studies. 1-6

The mechanism leading to the formation of first-generation oxidation products for a

simple alkane is given in Figure 1. The heterogeneous reaction of gas-phase OH with an aerosol

phase organic compound will yield the corresponding alkyl radical. Addition of 02 produces an

alkylperoxy (R02) radical, which in the gas-phase under high-NOx conditions will form an RO

radical or an alkyl nitrate (RONO 2). Under conditions where NO concentrations are low (i.e.

pristine environments) or R0 2 concentrations are relatively high (i.e. within aerosol particles),

R0 2 can react by a number of other pathways: (i) with HO 2 to form a hydroperoxide, (ii) with

another R0 2 radical to form either two alkoxy radicals similar to R0 2 + NO, an organic peroxide

(ROOR), or a ketone and alcohol. Recently, the role of autoxidation, or unimolecular R0 2

isomerization, was identified as an important channel for SOA formation, and hence represents

another potential pathway.7 9 RO radicals will either fragment into smaller molecules or

isomerize and form a second R0 2 species. This new R0 2 molecule is subject to the same

branching discussed above: reaction by unimolecular isomerization or by bimolecular reactions

with R0 2, HO2 , or NO. The relative role of each channel in the overall R0 2 branching will thus

be strongly dependent on the specific oxidation regime that a radical exists in (high or low NOx

or R0 2).
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Figure 1. Chemical mechanism for the formation of first generation oxidation products from
reaction with OH and alkyl nitrite photolysis (blue).

Most of the previous heterogeneous oxidation studies of OA were conducted in flow

tubes under high concentrations of OH (1 x 1010 - 1 x 1012 molecules cm~ 3 s-1) such that several

days to weeks of oxidation can be accessed over the residence time of the reactor (seconds -

several minutes). Such high concentrations are often achieved through the photolysis of

high levels of 03 in the presence of water vapor- conditions that do not allow for the addition of

NO (since the reaction of NO + 03 -> NO 2 is fast). Under these conditions, self-reactions are

expected to be the dominant fate of R0 2 (with minor contributions from reaction with HO 2 and

isomerization), and hence the system is an oxidation regime that may not be atmospherically

relevant, particularly to polluted environments. To our knowledge, two studies have examined

heterogeneous oxidation in the presence of NOR, one by the 03 oxidation of a squalene thin-film,

and another by oxidation with Cl of super-cooled brassidic acid aerosol particles. 12,13 In both

cases, yields of organonitrates were observed to be lower than in the gas-phase, implying that

R0 2 + NO reactions were of minor importance. It is unclear if this was due to the slow diffusion
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of NO into the particle, or if the relative branching between the formation of RO and RONO 2

formation may favor the former in the condensed phase. The use of alkyl nitrites (RONO),

however, initiates radical oxidation chemistry without added OH, and generates NO within the

particle thereby facilitating the reactions of R0 2 + NO and allowing for this potentially important

chemical regime to be directly probed. The goal of the work presented in this chapter is to

identify the molecular species formed from the reactions of the RO and R0 2 radicals using a new

approach (DART, described below). The identities of individual species measured will then be

used to identify the major pathways responsible for their formation.

4.2 Experimental.

4.2.1 Preparation of RONO

The condensed phase reactivity of two C20 H410NO alkyl nitrite isomers, a f-substituted

(P-C2M) and straight chain (n-C20) were measured in hexane solution (Figure 2). Preparation of

the nitrites was accomplished by O-nitrosation of the corresponding alcohol' 4 (octyl-2-dodecanol

and 1-eicosanol, both Sigma Aldrich, 98%). The alcohol and sodium nitrite (Sigma Aldrich, >

99.99% trace) were combined in a 1.1:1.0 molar ratio and stirred with a magnetic stirrer at 25 'C

while 2.5 M sulfuric acid (Sigma Aldrich, 99%) was added dropwise until a 0.5:1.0 acid:alcohol

molar ratio was obtained. For n-C 20 (a solid), this synthesis was modified by dissolving the

precursor alcohol in hexanes prior to the addition of sodium nitrite and sulfuric acid. Finally,

additional (excess) sodium nitrite was added to neutralize any remaining acid in solution. The

resulting clear yellow liquid (or hexane + RONO solution for the solid nitrites) was dried over

sodium sulfate (Sigma Aldrich, 99%) and stored at 20 'C in the dark until it was used (within 10-

12 hours).
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Figure 2. Molecular structures of the straight chain (n-C2 0) and P-substituted (0-C 2 0) C2 0H 4 10NO
isomers used in this study.

4.2.2 Experimental Setup

All experiments were conducted at the Lawrence Berkeley National Laboratory

Advanced Light Source in Berkeley, Ca. Experimental conditions and the overall setup were

similar to those described in Chapter 3. Briefly, the solution (0.05%) was photolyzed and then

atomized through a charcoal denuder to remove the hexane solvent and the flow was split for on-

line measurement of particle size (SMPS) and composition. In these experiments, in place of the

AMS we used a soft chemical ionization technique, Direct Analysis in Real Time (DART,

JonSense) coupled to a high resolution Orbitrap (Thermo Finigan, LTQ XL) mass spectrometer,

to obtain chemical information on the system.

DART is a real-time atmospheric pressure chemical ionization technique that provides

molecular ions with little to no fragmentation of the parent species.! 5'"6 Briefly, N2 or He gas

flows past a corona discharge needle operated at 3600 - 5000 V, producing electrons and

metastable (N 2 * or He*) species. This gas flows through a grounded perforated electrode and

then into a heated (80 - 450 'C) reservoir before exiting the ion source at 2 L/min. Heated N2 * or

He* flows out of the ion source and is directed at the opening of the Orbitrap which is located at

a 450 angle 0.3 cm away (Figure 3). Positive mode ionization (used in this study) occurs by

means of Penning ionization when, for example, N2 * interacts with atmospheric water molecules

by:

N2 *(g) + nH20 (g) - N2(g) + [(H20)..,H]+(g) + OH-(g) (1)
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The experimental setup is such that the outlet from the atomizer is directed at the space between

the DART ionization source and the inlet to the Orbitrap. The heated N 2* thermally desorbs

analyte molecules (M) from the surface of the aerosol particles where they then react with the

protonated water clusters, [(H20)n-H]*(g), generated in Equation (1) to form protonated

molecular ions [M+H]* by:

[(H20)n-iH]+(g) + M(g) -> [M + H]'(g) + nH2 O(g) (2)

These ions are sampled into an Orbitrap Mass Spectrometer that was operated in ultra high-

resolution mode (resolution of 140,000 at m/z 400 and mass accuracy to < 1 ppm) over the range

of 110 - 600 Da. The particle flow rate out of the atomizer was ~ 0.7 liters/minute to allow

sufficient time for aerosols to interact with the DART gas stream, and is based on previous

observations which provided the the greatest sensitivity to desorbed molecules.' 7 While it is

currently unknown exactly how sample flow rate can impact the sensitivity of this technique,

maintaining a constant flow to the DART source will likely limit any variability. Unlike electron

impact ionization (the ionization technique commonly used in the AMS), which ionizes all

molecules with roughly the same efficiency, the chemical ionization of DART is dependent on

the structure of the analyte molecule and on the nature of ion-molecule interactions. Specifically,

DART is selective towards molecules containing functional groups with polar heteroatoms (i.e.

O, N, and S) or double bonds, due to the electron-rich nature of these moieties. As this proton

affinity is dependent on the structure of the functional group and the identity of the heteroatom,

ionization efficiencies are thus non-constant. Furthermore, the presence of multiple

functionalities can enhance the probability of ionization. Little is known about the ionization

potentials for a wide-range of M molecular structures, however, they are hypothesized to be

similar to those from atmospheric pressure photoionization (APPI).1 6 Hence, unlike electron
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impact ionization, quantification with DART requires the use of standards for individual

molecules. Additionally, DART ionization efficiency can be susceptible to matrix effects,"8 how

the composition of the aerosol particles can influence sensitivity must be considered and hence a

series of "control" runs with the appropriate standards are necessary. Data analysis was

completed with mzMine (3.13). 19

Figure 3. Schematic of the DART-Orbitrap setup. Metastable N2 * is produced by corona
discharge in a heated (~450 *C) stream of nitrogen and react with atmospheric water to produce
protonated water clusters (PWC). These heated PWC then interact with aerosol particles to
volatilize and ionize individual molecules prior to entering the Orbitrap inlet. The distance
between the outlet of the DART source and Orbitrap inlet was -0.3 cm and held at a 450 angle.

4.3 Results

Aerosol particles were generated from the reaction mixture of either n-C2 0 or P-C20 in

hexanes, ionized by the DART source (using He and N2) and measured with the Orbitrap (in
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both positive and negative ion modes). Ion intensities and diversity was highest with N2 gas in

positive mode, and thus the following discussion is limited to that dataset. An example mass

spectrum from a P-C20 photolysis experiment in hexanes, taken 35 minutes after turning the

lights on, is shown in Figure 4 (bottom panel). For comparison with data previously collected

with the AMS, a mass spectrum of the same system is given in the top panel of Figure 4 (Chapter

3). The two most striking differences between spectra are the number of individual product ions

formed at a particular m/z, which is substantially larger in the AMS spectrum, and the presence

of more high-molecular weight (m/z > 280) ions in the DART spectrum. These features result

from increased fragmentation of parent molecules by electron impact ionization relative to the

much softer chemical ionization used by DART. Neither the alcohol nor nitrite species were

detectable by DART, as determined by use of standards. While polyols (molecules containing

multiple -OH functionalities) are easily detected, simple alcohols are known to have low

ionization efficiencies with DART,20 and to our knowledge alkyl nitrites have not been explicitly

tested with this setup.
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Figure 4. Comparison of mass spectra from P-C20 photolysis experiments with the AMS (top

panel) and DART-Orbitrap-MS (bottom panel). The "hard" electron impact ionization used in

the AMS results in substantial fragmentation and hence produces a large number of fragment

ions, while the softer chemical ionization of the DART generates mostly protonated non-

fragmented molecular ions (listed in Table 1).

Since DART ionization occurs in open air, these measurements are susceptible to

interferences from the ambient atmosphere. The following criteria were applied to the dataset to

prevent the identification of any transient or contaminant species as product ions: ion abundances

must be greater than 0.0 1% of the largest ion in the spectrum (in both photolysis experiments this

corresponded to the ion at m/z 313.3106), and be present for more than five consecutive minutes

over the course of the experiment (~A hour). Previous work has shown that for carbonyls, esters,

and alcohols (polyols), molecules with functional groups similar to those expected to be present

in this study, DART positive-mode molecular ions were observed as [M+l]+ species.' 7

Therefore, the mass of one H+ was subtracted from each observed mass and the molecular

formulae for each product ion was, determined by constraining the exact mass to within 0.3 ppm

and allowing for 0-100 C, H, and 0 and 0-5 N atoms to be present. The molecular formulae for

all C20 products measured here are given in Table 1 for both P-C2o and n-C20. Many of the ions

are similar in the two samples, corresponding to species with 0-1 nitrogen atoms, 36-42
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hydrogen atoms, and 0-7 oxygen atoms. In general these ions contain higher abundances of

oxygen and nitrogen than those that were measured with the AMS (see Chapter 3). The major

difference observed in the mass spectra of the two nitrites studied is the presence of C18 and C19

products that were formed only from the photolysis of n- and P-C20 respectively (Table 2), a

feature that is discussed below. Several ions were observed for species at m/z < 220, and

corresponded to C6 - C11 species with varying levels of oxidation. For the purposes of the

following discussion, these are assumed to be either contaminants or, for the C6 molecules, result

from the oxidation of the hexane solvent by secondary oxidants (see discussion).

The time series for the major product ions formed from the photolysis of both nitrites are

shown in Figure 5 (as the time series for both isomers are similar, we confine our discussion to

the P-C20 species). The intensity of the major product ions increases sharply immediately upon

irradiation, consistent with the production of products from P-C20 photolysis, and slows down

after approximately 10-15 minutes. There is a slight lag in the initial growth for some species,

potentially due to the formation of later-generation products, discussed below. Again, caution is

needed in the interpretation of the relative magnitudes of ion intensities, as they are not directly

proportional to relative concentrations due to differences in ionization efficiencies.
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l/z (M+ 1) recular

277.28188 C20 H 36

291.26113 C20 H34 O
293.27679 C20 H360

293.27679 C20 H36 0
295.29245 C20 H380

307.25604 C20 H34 02

309.2717 C20 H 360 2

311.28736 C20 H38 02

313.30302 C20 H40 02

323.25095 C20 H3 4 03

324.2826 C20 H37 NO 2

325.26661 C20 H36 03

327.28227 C20 H38 03

329.29793 C20 H 40 03

331.31359 C 20 H4 2 0 3

340.27751 C20 H37 NO 3

343.27718 C20 H 38 04

347.3085 C20 H4 2 04

356.27242 C20 H37 NO4

363.30341 C20 H42 05

374.28299 C20 H39NO5

390.2779 C20 H39 NO6
392.29356 C20 H41 NO6

406.27281 C20 H 39 NO 7

408.28847 C20 H41NO 7

n-C 20 P-C20
G st

Generation?

Table 1. Ions, molecular formulae, and oxidation generation for the C20 species detected by

DART-MS. Molecular formulae correspond to the measured m/z minus the mass of one H+.

Checkmarks in the appropriate column, n-C20 or P-C20 denotes the presence of individual ions in

each experiment. A checkmark in the "First-generation" column indicates that the ion has been

assigned to a first-generation product.
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t/z (M + 1) Molecular Formula n-C 20  P-C 20
265.28188 C19 H36
267.26113 C 18 H3 4 0

279.26113 C 19 H34 0

281.24038 C18 H32 02

281.27679 C19 H36 0

283.25604 C18 H34 02

283.29245 C 19 H3 8 0

285.2717 C18 H36 02

295.25604 C 19 H3 4 02

297.23529 C18 H3 2 03
297.2717 C 19 H36 02

299.25095 C18 H 34 03
299.28736 C 19 H 38 02

315.24586 C18 H 34 04
344.23601 C18 H33 NO5

Table 2. Ions and molecular formula for the C18 and C 19 products detected by DART-MS.
Molecular formulae correspond to the measured m/z minus the mass of one H+. Checkmarks in
the appropriate column, n-C2 0 or P-C2 0 denotes the presence of individual ions in each
experiment.
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Figure 5. Time series of absolute ion abundance for the C2oHyOx oxidation products (first-

generation products are bolded) identified from P -C20 (top) and n-C20 (bottom) photolysis during
the first 50 minutes of reaction. Vertical black line corresponds to the time when the lights were

turned on.

4.4 Discussion

The ions listed in Table 1 correspond to molecular products and are unlikely to be that of

a radical intermediate (RO or R0 2) as their lifetimes are expected to be too short for detection.
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Furthermore, the extent to which thermally labile molecules decompose from the elevated

temperatures of the DART gas, are assumed to be a minor factor in the following interpretation

of the data. The gas is heated to 450 *C inside the source; however, recent observations indicate

that the gas temperature decreases precipitously once it enters the room air.6' 17 The temperature

that aerosol particles are exposed to is hence significantly lower (< 100 - 150 *C).

Decomposition, particularly dehydration of alcohols and hydroperoxides, may occur to some

extent; however their dehydrated products should be present in the mass spectrum. As there is

likely a steep temperature gradient along the radius of a given particle, resulting from external

heating by the DART gas, we expect that some amount of the non-dehydrated molecule will be

present. If dehydration does occur, these ions will appear less oxygenated and should have the

same time dependence as their analogous non-dehydrated parent. The only products that were

observed to have a similar time trend and had a chemical formula identical to a dehydration [M -

H20] product were at m/z 325.2666 (C2 0H3 6 0 3) and 343.2771 (C2 0H38 0 4 ) (Figure 5). The other

ions are thus expected to be non-decomposed molecular ions.

The product ions formed from p-C 20 photolysis (Figure 5) increase in intensity

immediately when the lights are turned on. There are several time dependences observed, with

some ions growing in at much faster rates than others. The goal of the next section is to assign

observed ions to specific products. For clarity, the section is broken up into several segments:

first we compare the molecular formulae of observed ions to those of products from likely

first-generation mechanisms, then we refine this list of assignments based on their observed

time dependences, and finally we consider other means for forming these species. The results

are then discussed in the context of estimated branching ratios from a simple kinetic model

that we developed.
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4.4.1 Comparison of observed ions to potential first-generation products. To this end, the

products from each of the major radical intermediates formed from RONO photolysis will be

considered following the general pathway outlined in Scheme 1. Each intermediate is colored so

as to provide a guide for the reader, and, as several RO and R0 2 radicals will be formed, they are

identified in the text by "first," "second," or "third."

O O OH R2  OH

R1R 1  R 1 9 RI OH R1 OH

First Alkoxy First R0 2  Second Alkoxy Second RO2 Third Alkoxy

0-C 20 : R1= (CH 2)7CH 3 ; R2 = (CH2CH3) n-C 20 : R1 = H; R2 = (CH 2)gCH3

Scheme 1. Major radical intermediates formed following alkyl nitrite photolysis.

The first alkoxy radical (blue) generated from RONO photolysis can either fragment and form a

C 19 radical (discussed in a later section) or undergo a 1,5-H isomerization (+ 02) to yield the first

R0 2 radical (Scheme 2). Note that the reaction of RO + 02 to form an aldehyde is assumed to be

a minor pathway here.

R2 R2 OH R

0 Fragmentation Isomerization

R1 R1 R1 00

First Alkoxy First R0 2

Scheme 2: Reactions of the first alkoxy radical formed from RONO photolysis. Note that

reaction with 02 is expected to be slow here.

The first R0 2 radical (green) can react by a number of bimolecular channels (Scheme 3) with

NO, HO 2, R0 2 (self-reaction), or unimolecularly (isomerization or "autoxidation"). For clarity,
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the discussion of how the DART data compare with the expected products from each channel are

bulleted below:

Diol (not observed)

OH

R1 OH

Hydrox
C 20

OH

R,

o

R1  OOH
Carbonyl-hydroperoxide

(C 20H4O 3)

Hydroxynitrate
.ycarbonyl (not observed)
H40 02 OH RR22 OH

R1 ON0 2

OO s RH2OIsomerization 01N
ot

(+02) or R02
R, 00
First R02

R0
2

Organic Peroxide (not observed)

Scheme 3: Reactions of the first R0 2 radical (green).

NO: Reaction with NO will produce either the hydroxynitrate (not observed) or the second

alkoxy radical (red). The absence of the hydroxynitrate may indicate that it is not

observable with DART, which is consistent with our inability to ionize alcohol and nitrite

standards. Furthermore, the branching ratios for products formed from the condensed-

phase reaction of R0 2 + NO (forming RO vs. RONO 2) are unknown and thus it may be

possible that the hydroxynitrate simply did not form.

R0 2: The self-reaction of this R0 2 species will result in a number of products: (i) two alkoxy

radicals (identical to the one produced from R0 2 + NO, in red), (ii) a hydroxycarbonyl

(observed, m/z 313.3030, C20H4002) and a diol (not observed), or (iii) an organic peroxide

(not observed). For the hydroxycarbonyl to be generated by this channel, a diol would
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also be produced. As the diol was not observed, but expected to be detectable with

DART, the hydroxycarbonyl present is unlikely to have formed from this pathway.

HO 2: The major product of R0 2 + HO 2 is the hydroperoxide (observed, m/z 331.3135

C 20H4 20 3) species.

Isom.: Unimolecular isomerization (+ 02) of the first R0 2 radical is most favored to occur by a

1,6-H transfer with the 6-carbon (shown in more detail in Scheme 4) to form the carbonyl

hydroperoxide (observed, m/z 329.2979, C20H40O3). Note that a 1,5-H isomerization with

a secondary carbon atom is expected to be slow relative to isomerization with an -OH

substituted carbon.9

OH 1002
OR H 02

R1 00- R1 OH Carbonyl-hydroperoxide

First R0 2  L (C20H4003)

Scheme 4. Example of a 1,6-H unimolecular R0 2 isomerization.

The second RO radical formed (red) can either fragment into smaller species, back-isomerize (+

02) to form the hydroxycarbonyl (observed, m/z 313.3030, C20H4002), or forward-isomerize (+

02) and form the second R02 (orange) intermediate (Scheme 5). Based on the estimates reported

in Chapter 2 for the gas-phase, the newly formed RO radicals (+02) will mostly back-isomerize

to form the hydroxycarbonyl (m/z 313.3030, C20H4002), while -10 - 15% will forward-isomerize

to form the second R0 2 intermediate (orange). The hydroxycarbonyl will undergo (acid-

catalyzed) cyclization to the cyclic hemiacetal, which can dehydrate to the dihydrofuran

(observed, m/z 295.2924, C20H380), all of which are major ions detected in the mass spectrum.

Unlike in electron impact ionization where each has its own characteristic fragmentation
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patterns, the cyclichemiacetal and hydroxycarbonyl are indistinguishable with the DART, as they

have the same molecular formulae. The hydroxycarbonyl and cyclic hemiacetal can also form

dimers with one another (not observed).

O50\ .

R1 OH

Hydroxycarbonyl
C 20 H 40 02

0
Acetal and OH
Hemiacetal
Dimers (not R1
observed) Cyclic hemiac

C 20 H 40 02

OH R

R1 9
/ 0/"-er'rc

(+02)

-H 20

+H 20

etal

Fragmentation
Products

OH R

00.
R1 OH

R2

0

R1

Dihydrofuran
C 20 H38 0

Scheme 5. Major reactions of the second alkoxy radical.

The second R0 2 species (orange) formed from the forward-isomerization pathway is subject to

the same reactions discussed above, isomerization or reaction with NO, RO 2, or HO2 (Scheme 6)

and are bulleted below.
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Dihydroxynitrate Dihydroxy-hydroperoxide
Dihydroxycarbonyl (not observed) (C 20H 42 0 4 )

Triol (C 20H 42 0 3) C 20 H4 0O R2 R

OH OH 2 ON0 2  OOH

OH 0 R, OH R, OH

R1 OH R1 OH R02  tNO HO

R2 N orR02OH R2

OH R2 Isomerization OH NO or R0 2

OOH (+02) 00 R1 OH
R1 0 R1 OH Third Alkoxy

Hydroxycarbonyl-hydroperoxide Second R0 2
(not observed)

R0 2

Organic Peroxide (not observed)

Scheme 6: Reactions of the second RO 2 intermediate.

NO: The reaction with NO will yield either a dihydroxynitrate (not observed) or a third alkoxy

radical (pink).

R0 2: Reaction with R0 2 will produce a triol (observed, m/z 331.3135, C2 0H4 2 0 3) and a

dihydroxycarbonyl (observed, m/z 329.2979, C2 0H4 003 ), an organic peroxide (not

observed), or two alkoxy radicals (pink).

HO 2: The major product of R0 2 + HO 2 is the dihydroxy-hydroperoxide (observed, m/z

347.3085 C20H4204) species.

Isom.: The major product for unimolecular isomerization is the hydroxycarbonyl-hydroperoxide

which was not observed.

The third RO (Scheme 7) radical can fragment into smaller

new R0 2, or back-isomerize to form a dihydroxycarbonyl

The dihydroxycarbonyl will cyclize to the hydroxy-cyclic

species, forward isomerize to yield a

(observed, m/z 329.2979 C20H4003).

hemiacetal (observed, m/z 329.2979
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C2 0H4 003), which can dehydrate to the hydroxy dihydrofuran (observed, C20H 380 2 , m/z

311.2873). Further forward-isomerization, while extremely unlikely in the gas-phase, would

result in dihydroxy hydroperoxides, trihydroxycarbonyls, and trihydroxyhydrofurans, which are

masses corresponding to additional ions measured by the DART (not shown in the schemes).

However, in order for these first-generation product assignments to be correct, they should

exhibit the appropriate corresponding chemistry, discussed below.

OH R

R, OHO evx

OH (+02)

R1 OH

Hydroxycarbonyl
C20 H40 03

Acetal and
Hemiacetal
Dimers (not
observed) Cyclic he

C20 H4

HO R2

OH

niacetal
0 03

(+02)

-H 20

+H 20

Fragmentation
Products

OH R 0

OH
R1 OH

HO R2

HO
0

R1

Dihydrofuran
C 20 H38 02

Scheme 7. Reactions of the third alkoxy intermediate.

4.4.2 Refinement of assignments based on time dependencies. All of the assignments in the

previous section correspond to species that are first-generation products. The production rate of

first-generation products will scale linearly with the depletion rate of RONO (for every RONO

photolyzed, a certain fraction will form a particular first-generation product). If a product forms

from other means (e.g. by reaction with OH or 03), its rate of production will thus not scale
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linearly with RONO depletion. The time series in Figure 5 thus provides information as to

whether the observed ions correspond to first vs second (or later) generation products.

Unfortunately in these experiments we are unable to track the evolution of RONO- however, if

we assume that the assignment of m/z 313.3030 is indeed that of the major first generation

product, the hydroxycarbonyl, then any product with the same formation rate is also of first-

generation. This is assessed qualitatively by comparing the growth of this ion with the growth of

all of the other ions in the time series. The period of growth for each ion is the greatest during the

first 8 minutes of irradiation, and for clarity this region is enlarged and presented in three panels

in Figure 6 for: (a) the identified first-generation products, (b) the second generation C2oHyOx

products, and (c) the C20HyNOx products. Based on this method, the only first-generation

products are the dihydrofuran (C20H3 80), hydroxydihydrofuran (C2 0H 3 80 2),

dihydroxydihydrofuran (C20H3 80 3 ), and hydroxyhydroperoxide (C 20H4 2 0 3 ). The following C20

ions that were previously assigned to first-generation products are thus likely to be later-

generation: (i) the carbonyl-hydroperoxide from the first R0 2 isomerization (C2 0H4 00 3), (ii) the

triol (C2 0H4 2 0 3) and dihydroxycarbonyl (C2 0H4 0 0 3) from the self-reaction of the second R0 2 ,

(iii) the hydroperoxide (C20H40 0 4) from the second R0 2 + HO 2, and (iv) the dihydroxycarbonyl

(C2 0H400 3) formed from back isomerization of the third alkoxy radical. Note that the double

bond on the dihydrofuran molecule will dramatically increase its sensitivity to DART ionization,

so while the precursor dihydroxycarbonyl is not present as a first generation product, this may be

because its abundance and efficiency are too low.
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C20 (right) photolysis. Note that the shaded regions are used as a guide for the general trend
observed for a given cluster of traces.
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Interestingly, the products believed to form from multiple forward-isomerizations, by this

method are not predicted to be first-generation. This is surprising as they are completely

saturated - indicating that they contain only alkyl, hydroxyl or hydroperoxide functionalities

(opposed to carbonyls, double bonds, rings, or nitrate groups). The dihydrofuran has two double

bond equivalents (DBE) from the olefin and cyclic ether. Any later generation oxidation products

will have at least two DBEs and thus it is unclear how these fully saturated products can form.

Similarly, it is unclear how some of the most unsaturated species (C20H34.36003.,) can form by

means other than decomposition/dehydration reactions. If we assume that oxidation occurs via

OH-addition to the dihydrofuran double bond, at most two carbonyl groups would form from

ring opening products. Thus we cannot effectively rule out the possibility of dehydration

reactions promoted by the heated DART gases, for first- and later-generation oxidation products.

Furthermore, these results indicate that the ion previously assigned as the carbonyl

hydroperoxide (C 2 0H40 0 3,), is not a first-generation product, and so is unlikely to arise from R0 2

isomerization. A number of ions remain unidentified, however, none of them appear to be first -

generation products and are thus unlikely to have formed from R0 2 isomerization, but potentially

by additional oxidation (see below)

4.4.3 Assessing the potential for later-generation oxidation chemistry. As discussed above,

several of the observed ions believed to be first-generation products are likely to have formed by

other means. An alternative formation pathway is by later-generation oxidation. While oxidants

such as OH, 03 or NO 3 are not intentionally added to the system, they can form from secondary

reactions of the HOx and NOx cycles. Their production and subsequent reactions with the first-

generation products, particularly the double-bond bearing dihydrofuran, must be considered in
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the interpretation of this data. In the gas-phase work (Chapter 2), second-generation chemistry

was not believed to be a major source of the measured SOA, as nitric acid concentrations were

not sufficiently high to promote the formation of the dihydrofuran. However, in this system, we

believe, based on its molecular formula and time dependence, that we observe formation of the

dihydrofuran (in addition to the hydroxylated dihydrofurans). The addition of OH and 02 across

the dihydrofuran double bond initiates a new set of radical chemistry, shown in Scheme 8 but not

discussed here in explicit detail. Instead, we focus on the tentative identification of three

products from this pathway to highlight the potential for second-generation oxidation chemistry

to form observed ions: the cyclic hemiacetal nitrate (C 2 0H3 9NO5) and two "ring-opening"

products, (C 2 0H38 0 3 and C2 0H39N06 ). Furthermore, the photolysis of NO 2 will facilitate the

formation of 03 and NO 3; however, at this time we only note that their reaction with the

dihydrofuran may contribute to observed second-generation products.

Cyclic hemiacetal Nitrate Ring-Opening Organonitrate
C 20H 39NO R C 20H 39NO6  R2

0 0

R 1  
RN02  

R1  O
\R 2 HO

2  NO OH N0 o 2N O

0 OH 0 &jOoR02 _R 2  R2
NOR 00

(+02.) OH 0 rg Fragmenan tab 0 lKR1~~~ R1rR2mentation R, R1m0ai 1R

Dihydreturan R, 0 2 _ OH R1  OH 0
C2 0 H3  0 Isomerization OH (Ring Opening) s r0 O Ring-Opening Product

Isonerzation H02 / \ onnnrization Co30

Scheme 8. Second-generation product generation from the reaction of OH with dihydrofuran

4.4.5 RO radicalfragmentation Products

As discussed in Chapter 2, p-substituted RO radicals (such as 4-methyl-5-nonyl-oxy) are

expected to undergo substantial fragmentation due to the enhanced stability of the secondary

alkyl radical formed upon scission. Fragmentation is expected to be a minor pathway for n-C20 as

the production of a primary alkyl radical is not as energetically favorable. This is consistent with
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the presence of C 19 products in the mass spectrum of p- C20 and their absence in n-C20. The same

reaction schemes described above for the C20 molecules will occur but the major products will

have one less methylene (-CH2-) group (Scheme 9). Note that for simplicity only the radical

chain-propagating reactions are shown. The products observed are the C19

hydroxycarbonyl/cyclic hemiacetal (m/z 296.272, C1 9H38 02), the dihydrofuran (280.277,

C 19H 360), and the hydroxy dihydrofuran (m/z C19H3602). The absence of the precursor to the

hydroxylated furan species may be due to lower abundance or ionization efficiency than for the

furan. The presence of C18 species from n-C2 0 photolysis is not entirely understood, however,

there is a possibility that the alcohol standard (98% purity) may contain a C18 impurity, leading

to the generation of C1 8H370NO. If present, this nitrite could photolyzed along with n-C2 0 ,

yielding these products. This is currently under investigation.

R2

Hydroxy R2 OH
RDihydrofuran C19 Dihydroxy H

R1  C191 3602  Cyclic Hemiacetal -- HO
Alkoxy Radical (RO) R1 I somerization (+02)

F a R0 2 or NO +
Fragmentation lsomerization (+02)

RR2 NO or RR2 NO or R

02 R02  -0 lsomerization R H
-4 00 - ~ HO HO

000
R1 R1 R1 R1, R1,

092

0 R 2  0 R2 0-
OH

R1 R1 2RO

Hydroxycarbonyl Hydroxycarbonyl
Dihydrofuran C19H3802  C19H380 2C19 ayd360

Scheme 9. First generation products from C 19 alkyl radical.
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4.4.4 Estimates of R02 branching ratios. Observations of individual products with DART are

essential for identifying the presence of a particular mechanism in the overall oxidation scheme;

however, the absence of product concentrations hinders our ability to assess the relative

importance of each pathway. As discussed in previous sections, the fate of R0 2 species formed

will drive much of the observed chemistry. However, the number of different R0 2 intermediates

that will each form and react by multiple pathways complicates the direct comparison of the

chemical mechanism with the experimental data. To this end we developed a simple kinetic

model to predict the integrated branching ratios for the major RO 2 reactions (isomerization and

reaction with R0 2, NO, and HO 2). The model consists of a system of differential equations

describing the formation and loss of each of the major inorganic (HOx, NOx and 03) and organic

species. Rate constants for many of the reactions have not been measured in the condensed

organic phase, and when necessary either aqueous or gas-phase constants were used. For reaction

channels that have a number of possible products (i.e. R0 2 + NO forming an RO or an RONO 2),

the relative branching was assumed to be identical to the gas-phase. The species monitored and

the rate constants used are given in Tables 3 and 4. The most uncertain rates correspond to those

for the aqueous phase reaction of R0 2 + NO, with measurements spanning nine orders of

magnitude (3 x 10 - 1 x 10-18 molecule cm-3 s1)22,2.3. In addition, to better assess the fate of the

dihydrofuran species and specifically the likelihood that unidentified product ions correspond to

second-generation products, the fraction that reacted with secondary oxidants was estimated

from gas-phase kinetic data.

The bulk system examined in this work is treated as a pure phase organic solvent

containing 0.05% (v/v) RONO. The system was solved in Matlab using a stiff ODE solver

(ode15s). The integrated branching ratios for R0 2 isomerization and reaction with NO, HO 2,
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R0 2, were then determined by considering all of the potential reactions shown in Schemes 1-8

(Table 3). The results for this scenario are extremely sensitive to the rate constant used for R0 2 +

NO, and instead we use the gas-phase measurement (8 x 10~1 cm 3 molec-1 s-1) 2 4 as it has been

studied extensively and is between those mentioned above. The estimates indicate that in this

system the overwhelming majority of products will react with NO (> 65%), and isomerization

(28%) and reaction with HO 2 (4%) will be a secondary and minor channels respectively. The

estimates are consistent with our observations of many of the major first-generation products

from R0 2 + NO and the absence of those from R0 2 + R0 2. The presence of the hydroxy-

hydroperoxide (m/z 331.3155, C20H4 20 3) from reaction with HO 2 implies the DART is sensitive

enough for the detection of the products from minor pathways. However, products from R0 2

isomerization were not observed (Schemes 2,3, and 5). The major product, the carbonyl

hydroperoxide, is structurally similar to other first generation products and should ionize with

DART. Based on our observation of hydroxy hydroperoxide formation from R0 2 + HO 2 , we

expect to be sensitive enough to products formed with a 4% yield. We can thus constrain the rate

of R0 2 isomerization in this (condensed-phase) system with an upper limit approaching that of

2.46 s-1. This is an order of magnitude slower than the analogous gas-phase rate constant

measured for smaller C5 species. While the exact reason for this discrepancy is unclear at

present, it may be due to the larger molecular size or phase (condensed vs. gas-phase).
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Species Abbreviation

Hydroxyl Radical OH

Hydrogen Peroxide H202

Ozone 03
Hydroperoxy Radical HO2

Nitrogen monoxide Radical NO

Nitrite Radical NO 2

Nitrate Radical NO 3

Nitric Acid HNO 3

Alkyl Nitrite RONO
Alkyl Peroxy Radical R0 2

Hydroxynitrate HN

Alkoxy Radical (second generated) RO

Alkyl Peroxy Radical (second generated) R0 2 b

Hydroxycarbonyl HC
Dihydrofuran DHF

Dihydrofuran + 03 Products DHF_03
Dihydrofuran + OH Products DHF OH

Alcohol and Carbonyl (from R02 + R02) CTP

Hydroperoxide ROOH

Squalane (OA surrogate) Squalane

R02 isomerization (1,5-H shift) R0 2 15iso

R02 isomerization (1,6-H shift) R0 2 16iso

Table 3. List of species monitored in chemical kinetic model and their abbreviations used in
Table 4.
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Reaction Rate Ref

OH+OH+M=H 202  2.20 x 10-' 25
H202+hv=OH+OH a2.07 x 10-6  c
HO+HO 2 = H20+0 2  1.10 x 10-10  25

HO+H202 = H20+ H0 2  1.81 x 10-1 2  25
HO+0 3 = H0 2 +0 2  7.30 x 10-1 4  25

H02 + H02 + M = H20 2 + M + 0 2  2.90 x 10-1 2  25
HO 2 + 03 = HO + 202 2.00 x 10-" 25

H0 2 +NO=NO 2 + OH 8.50 x 10~ 2  25
NO+0 3 = N0 2 +0 2  1.80 x 10-14  25
N02 +hv=NO+0 3  a2.00 x 10-3 24

OH+NO 2 = HNO 3  8.50 x 10- 2  25
N02 +0 3 = N0 3 +02  2.40 x 10-" 25

HO2 + NO 3 = Prods 3.50 x 10-2  25
NO+NO 3 = N0 2 +NO 2  2.60 x 10-" 25

N0 3 + N03 = N0 2 +NO 2 +0 2  2.30 x 10-16  25
OH + NO3 = Products 2.20 x 10-1 25

RONO + hv = RO 2 + NO a4.00 x 10-4 26
R02 +NO=HN (0.4) x 8 x 10~1 24

R02 + NO = RO + N0 2  (0.6) x 8 x 10-2  24

RO+0 2 =HC+HO 2  1.87 x 10~4  21

Hydroxycarbonyl = Dihydrofuran 2 x 10-' 27
Dihydrofuran + 03 = DHF 03 3.49 x 10~" 27

Dihydrofuran + OH = DHF OH 2.18 x 1010 27
R0 2 + R0 2 = RO +RO (0.6) x 4.82 x 10~" 28

R0 2 + R0 2 = CTP (0.4) x 4.82 x 10~15 28
R02 + H0 2 = ROOH . 1.50 x 10~' 29

R02 1,6-Isomerization Upper Limit a2.46 x 102 9 b
R02 1,6-Isomerization Upper Lower al x 101 9 b

R02 1,5-isomerization a2.76 x 10-3 9 b
Table 4. Rate constants for kinetic model. All rates are cm3 molecule' s-1 except those denoted
with an a which are s-1 .
b. Rate constants for 1,6-isomerization were estimated to be equivalent to 1,5-isomerization
based on their discussion.
c. Personal communication with J. Hunter, measured.
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Species KOA Flow Tube Urban Pristine

R0 2  NA I x 101 7  6 x 101 4  3 x 1014

OH NA I x lo" 6 x 106  1 x 106

H02 7.03 x 103 (refs 30,31) 0 1.38 x 1010 1 x 1010

03 NA 7.05 x 10 3  6.62 x 107  6.62 x 108

NO 3.13 x 10-2 (refs 32,31 0 1.16 x 108 1.93 x 104

Table 5. Calculated octanol-air (KOA) and condensed phase concentrations (molecules/cm3) of
OH, 03, NO and HO 2 and R0 2 used to obtain integrated branching ratios (Table 6). Flow tube
values were adapted from Smith et. al.10 except for 03, which is from observations by C. Lim
(personal communication).

Raneg ratei This Study Flow Tube OA (Urban) OA (Pristine)

R0 2  < 0.01 0.78 (0.77) 0.10 (0.50) 0.06 (0.39)

NO 0.68 (0.91) < 0.01 < 0.01 < 0.01

Isomerization 0.28 (0.04) 0.01 (< 0.01) 0.88 (0.43) 0.93 (0.58)

H02 0.04 (0.05) 0.22 0.02 (0.07) < 0.01 (0.03)

Table 6. Predicted branching ratios for all R0 2 reactions leading to the formation of first-
generation products using the gas-phase (Crounse et. al)9 and our constrained condensed phase
isomerization rate in parentheses.

Many of the ions observed in the DART mass spectrum remain unidentified at the

present, and are potentially second-generation products from the oxidation of dihydrofuran with

secondary oxidants OH, 03, or NO 3. We estimate that approximately half of the dihydrofuran

formed will be oxidized by, ~35% by OH and 15% with 03, consistent with this hypothesis. As

mentioned above, the second-generation chemistry was predicted for reaction with OH, leading

to the identification of several products, however, the products from ozonolysis must also be

considered.
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Implications for Condensed-Phase R0 2 chemistry

The model was run for additional scenarios with conditions that are representative of (i)

urban and (ii) pristine atmospheres and (iii) traditional laboratory heterogeneous oxidation

studies.dapted from24,33,34 The three scenarios differ by the concentrations of inorganic species, NO,

H02, 03 and OH input into the model (Table 3). Particle-phase concentrations of NO, H02 and

03 were estimated from their corresponding octanol-air partition coefficients (Koa), and typical

gas-phase concentrations for each scenario (Tables 3 and 4).3 In all scenarios, radical chemistry

is initiated by heterogeneous reaction with gas-phase OH and addition of 02 to form the first R0 2

species, that is then subject to the same chemistry described previously (Schemes 1 - 8). Note

that this first R0 2 formed is not accessible by this RONO (Figure 1). Additionally, isomerization

for this first R0 2 can only occur by 1,5-H rearrangement and hence this much slower rate

constant was used (2.76 x 10-3 s-')9. As OH is assumed to react only on the surface of the

particles, gas-phase concentrations from each scenario were used. Furthermore, NO, H02, 03,

and OH are assumed to be in steady state with the gas-phase. Physically, this implies that gas-

particle diffusion is instantaneous and always at equilibrium with the gas-phase. The results from

model runs for each scenario are presented below.

Heterogeneous Oxidation Studies: The estimated branching ratios (Table 6) for typical

heterogeneous oxidation studies* ", imply that reaction with R0 2 dominates (0.77). Reaction

with H02 is predicted to also be an important pathway (0.22). Even if the faster R0 2

isomerization rates are used, only ~1% of reactions are expected to go this route. Based on our

observations that this is a minor pathway it is unlikely that products from R0 2 isomerization

would be formed in these studies.
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Ambient OA: The R02 branching ratios for reactions within ambient OA are not predicted to be

dramatically different between pristine and urban environments (Table 6). Using the constrained

isomerization rate constant derived here, R0 2 chemistry is expected to be dominated by reaction

with R0 2 and isomerization, with minor contributions from HO 2 reactions on the order of < 10%.

The difference in the branching ratios for reaction with R0 2 or HO 2 between the two systems is

almost entirely due to the difference in R0 2 concentrations, resulting from different OH

exposures (and hence uptake coefficients: Yurban = 2.78 x 10-6 S-1 and , Ypristine = 9.28 x 10-7

calculated for a 200 nm spherical squalane particle and the OH concentrations in Table 5).

Surprisingly, the contribution of R0 2 + NO reactions is expected to be at best, minor. In the gas-

phase, it has been well established that NOx concentrations can have governing effects on the

R0 2 chemistry,e.g.24 ,3, 36 in stark contrast to the estimates for the condensed phase. In our model

NO is predicted to only enter the particle phase by equilibrium partitioning (opposed to other

means: e.g. the in-particle production of NOx from the photolysis of condensed phase

organonitrates). As a result of both low gas-phase concentrations and solubility (low Koa, Table

5) the overall rate of reaction with R0 2 is limited relative to other channels (particularly self-

reaction). So, as our model assumes that the aerosol and NO are well mixed and therefore

because it is not soluble, NO is unlikely to react with R0 2. However, the heterogeneous reaction

of NO with R0 2 radicals on the surface of the particle is not explicitly considered, as these rates

are currently unknown. Previous heterogeneous oxidation studies in the presence of NOx12 13

observed organonitrate yields that were significantly lower than in the gas-phase; however, it is

not known if (gas-phase) NO concentrations were sufficiently high to outcompete self-reaction

of R0 2 under elevated oxidant concentrations. This is an important point that requires further

study in the future to better assess the role of NO in the chemical evolution of organic aerosol.
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Without a complete description of the processes by which NO can interact with OA, and more

certain condensed phase rate constants, our model output likely represents a lower-limit for R0 2

+ NO branching.

4.5 Summary and Conclusions

Previously we used the photolysis of condensed-phase alkyl nitrites to identify the major

reaction pathways for alkoxy radicals in an organic solvent. In this chapter we use the same

approach, but instead focus on the reactions of condensed phase alkylperoxy (RO 2) radicals that

form from alkoxy radical isomerization. Using a soft chemical ionization technique coupled to an

ultra high-resolution mass spectrometer we were able to obtain molecular level information

about the major products formed from this same system. The chemical composition of individual

ions and their production kinetics were compared with likely mechanisms, leading to the

identification of several key first-generation products. The formation of specific products from

R0 2 reactions with NO and HO 2 were consistent with estimates of branching ratios from a

kinetic model discussed above. Furthermore, we did not identify the major (first-generation)

products expected to form from R0 2 isomerization reactions. This observation implies that the

available rate constants for gas-phase reactions are likely upper limits for this reaction in the

condensed phase.

The chemical system discussed here is distinct from others (i.e. heterogeneous oxidation

studies) aimed at studying radical reactions in aerosol particles. Previous studies exposed aerosol

particles to high oxidant concentrations, typically under NOx free conditions, and the R0 2

chemistry is dominated by either self-reaction or with HO 2. While several studies have probed

the role of R0 2 + NO reactions, their interpretations are complicated by uncertain gas-OA
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transfer kinetics. In our work we expect that reaction with NO is the dominant pathway, thus

providing new insight into condensed-phase processes in an entirely different R0 2 regime. For

example, under high NOx conditions, we expect a greater fraction of R0 2 conversion to RO,

which as discussed in Chapter 2 will generally form the first-generation hydroxycarbonyl (from

"back-isomerization). Whenever this particular reaction happens, an H02 radical is produced,

providing a mechanism for the generation of secondary oxidants within particles. The presence

of later generation oxidation products in our system provides strong evidence for the production

of secondary oxidants in the condensed phase; potential pathways for additional oxidation to

occur.

In the atmosphere, the fate of R0 2 radicals in aerosol particles is uncertain. We estimate

for both urban and pristine environments that RO 2 isomerization or reactions with R0 2 will

dominate. The differences in branching ratios between urban and pristine environments are

driven by the relative concentrations of OH input into the model- which is directly proportional

to the production rate of R0 2 . In the gas phase, it is well established that NOx concentrations can

have governing effects on the observed chemistry, as R0 2 + NO reactions are quite fast.

However, the difference in the concentrations of NO between the two systems does not appear to

have much of an impact on the overall R0 2 branching in the particle phase. This is because of its

low concentration and solubility in organic solvents we estimate that the concentrations of NO in

atmospheric aerosol particles are likely too low to have much of an impact on the R0 2 chemistry.

Instead, we estimate that reaction with H02, R0 2, or isomerization will dominate within

particles. While we did not explicitly model other processes for interaction with NO, such as

heterogeneous reactions of NO with R0 2 on aerosol surfaces, or from alkyl nitrate photolysis,
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this is a potentially important pathway. Future work should consider these additional means by

which NOx as well as HO 2 can interact with OA.

As it is unclear how NO + particle-phase R0 2 radicals can react heterogeneously, it is

difficult to comment on how relevant these particular results are to the atmosphere; however this

study provides new and important information for a different RO 2 regime. Future RONO/DART

studies with hexane and other organic matrices (e.g. aromatics or oxygenates ) should consider

ways to run under more atmospherically relevant NOx conditions. This can be achieved by

decreasing the initial concentration of RONO added to the reaction mixture. Furthermore, with

the use of standards, both the rate constants and yields for individual products can be determined.

This would be of particular value as many of the condensed-phase rate constants needed for the

kinetic model were unavailable and gas-phase measurements were substituted. Additional work

is needed to fully constrain condensed phase radical processes, particularly in organic-based

media to best model condensed phase processes. The results from this work highlight the major

pathways for R0 2 chemistry in the condensed phase and add to our ability to predict how the

chemical composition of organic aerosol may change under different conditions.
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Chapter 5

Summary, Conclusions, and Implications

Summary and Conclusions. An understanding of the formation and fate of atmospheric

particulate matter is necessary to assess its impacts on human health, climate change, air quality,

and visibility. Much of the current uncertainty in this area exists in our ability to predict how the

organic aerosol fraction forms and evolves over its lifetime in the atmosphere. To this end, an

understanding of the underlying chemistry involved is necessary. The goal of this thesis research

was to add to this understanding by conducting a series of experiments aimed at identifying the

importance of the major oxidative pathways. As discussed in Chapter 1, the evolution of organic

material in the atmosphere is highly complex owing to the number of potential reactions, radical

intermediates, and products that can form from even a simple precursor molecule (Chapter 1,

Figure 1, reproduced below). Here, we presented data using a novel approach to study the

formation and chemical evolution of organic aerosol- the explicit consideration of individual

reactive intermediates. A summary of the major results from each chapter are presented below:
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Precursor & Semivolatile Oxidation Product I Oxidation Product II ---- -(gas-phase) (gas-phase) (gas-phase)

Oxidation Product A Oxidation Product B
(gas-ph ase) (gas-phase) -

Additional
Reactions

(not shown)

Oxidation Product I Oxidation Product II
(particle-phase) - --- (particle-phase)

Oxidation Product B
(particle-phase) --- -

Semivolatile Oxidation Product A
(particle-phase) (particle-phase)

Figure 1. A highly generalized schematic of the complexity associated with VOC oxidation.
The precursor VOC is oxidized with OH, followed by the subsequent gas/particle
partitioning and chemical processing of individual oxidation products.

In Chapter 2, we highlighted the role of alkoxy radical structure on the formation of low-

volatility products, probing the factors that influence the extent of the precursor -> semivolatile

(particle-phase) reaction in Figure 1. SOA yields and chemical composition from RO radicals

with the same molecular formulae but different molecular structure were measured to identify

the major features that influence the formation of low volatility species. The largest yields

observed were from straight chain RO radicals with the radical center located near the terminus

of the molecule. The primary RO radical, a species that would only form upon abstraction of a

hydrogen at the terminus of a molecule and expected to occur only ~4% of the time. This

observation highlights the potential role of minor pathways in the generation of SOA. Branched

isomers were observed to have the lowest yields among those measured. The extent to which

branching along the carbon chain, and specifically how the proximity of a branching group to the

radical center enhances radical fragmentation reactions was probed. Notably, the enhanced

fragmentation of 'p-substituted RO radicals, which occurred to a greater extent than was predicted

by existing structure activity relationships, resulted in a substantial reduction in observed aerosol
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yields. This result implies that existing structure activity relationships that were developed for

small RO radicals (C 2 - C5) should be applied to larger systems with caution. Lastly, we

considered the volatility of SOA components through volatility basis set fittings and found that

yields were intimately linked to the saturation vapor pressures of the expected products for each

isomer. While all of the products measured have the same molecular formula, the presence of an

aldehyde or a ketone or a branched methyl group will all influence volatility in different ways,

and will thus impact yield. These results highlight how subtle differences in RO molecular

structure can have major impact on product yields and SOA formation. Future work in this

area should focus on the reactivity of radical intermediates with more complex molecular

structures, including rings, double bonds, and oxygenated functional groups, to examine the

chemistry of gas-phase oxidation products I and II in Figure 1. Furthermore, the role of RH,

seed composition, seed acidity, and temperature, should be examined to improve on our

understanding of how different atmospheric conditions impact SOA formation.

In Chapter 3, a new method was developed to examine organic radical reactivity in the

condensed phase, starting with the semi-volatile (particle-phase) species in Figure 1 and

identifying its major reaction products. Photolysis of a C20H 41ONO/hexane mixture, followed by

nebulization and measurement with the AMS, permitted the real-time measurement of the

chemical composition of this system. The goal of this work was to measure the branching ratio

between unimolecular RO pathways analogous to those in the gas-phase and bimolecular

reactions (i.e. H-abstraction) with the surrounding aerosol. Our observations, however, imply

that the bimolecular H-abstraction pathways for alkoxy radicals were at best, minor relative to

unimolecular ones. This is consistent with previous observations in the physical organic

chemistry literature, which found that when facile (i.e. when the delta-carbon is not primary),
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unimolecular pathways of the alkoxy radical would dominate over bimolecular ones. These

results come in stark contrast to those from previous heterogeneous oxidation studies, which

implicated these reactions in the formation of alcohols. In those experiments, the likely

mechanism for alcohol formation is by self-reaction of R0 2 radicals. These results imply that

condensed-phase mechanisms for RO radicals are likely similar to those in the gas-phase.

In Chapter 4, we identified some of the major products formed from the condensed-phase

photolysis of a large C20 nitrite, again starting with the semivolatile (particle-phase) species in

Figure 1. The same system developed in Chapter 3 was used, however, the aerosol composition

was measured with a new instrument suitable for the generation of molecular ions with little

fragmentation, Direct Analysis in Real Time (DART). The goal of this work was to assign the

ions observed by DART to the major products expected from traditional gas-phase mechanisms.

This molecular level approach allowed for the identification of products that formed from

specific R0 2 pathways. Notably, we did not observe the expected products of R0 2 isomerization

reactions, implying that the currently available rate constants may not directly applicable to the

condensed-phase. Furthermore, we observed many ions that we believe to have formed from

second-generation oxidation chemistry, indicating that the in-particle generation of secondary

oxidants (OH, HO 2, NO, 03, etc.) may be an important pathway for continued condensed-phase

oxidation. In the development of a simple kinetic model for predicting reaction branching we

observed a large knowledge gap regarding the availability of condensed-phase radical rate

constants that are necessary to better understand this important system. Future work should

measure these, particularly in the condensed organic phase. This study is one of only a few that

have used the DART technique for analyzing OA composition. The next set of experiments

should aim to quantify product yields for the determination of branching ratios. This will require
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the use of authentic standards for quantification. Furthermore, additional studies with more

highly functionalized RONO and solvents are necessary to understand how the major condensed

phase chemical reactions change as a function of the specific molecular environment. Finally,

the direct application of our results to the atmosphere requires an improved understanding of the

physical mechanism by which NO can interact with condensed-phase R0 2 radicals. As both gas-

phase NO concentrations and solubility in organic and aqueous phases are low, condensed-phase

reactions are unlikely, however, heterogeneous reaction with R0 2 on the surface of the particles

represent a possible means by which this reaction can occur and warrants further study.

Implications. The data collected in this thesis provides an explicit, highly detailed, description

of specific chemical reactions and how they relate to the formation and evolution of organic

gases and aerosol. This information is essential for improving our predictive capabilities for both

aerosol loadings and composition. In terms of how this work can be utilized, at the present time

it is unrealistic to identify and track every individual organic radical intermediate in the

atmosphere, whether it be experimentally or in a global chemical transport model. These results,

however, provide a basis for identifying some criteria (general chemical features) that can be

used to refine emissions inventories to include the species most relevant to SOA formation. In

addition, while considering how best to translate flow-tube studies of heterogeneous oxidation

processes to the atmosphere, our data implies that some of the previous reactions previously

identified may not be relevant. To this end, the lifetime of particle-phase organics and, for

example, their role in cloud or smog formation can be better predicted. While the goal of this

work was to constrain radical chemistry and simplify these systems were still immensely

complicated- which speaks to just how complex the actual atmosphere is.
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