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Abstract 
 

Chemical Kinetics and Mechanisms of Unsaturated Organic Aerosol Oxidation 
 

by 
 

Theodora Nah 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Stephen R. Leone, Chair 
 

Understanding the heterogeneous oxidation of organic particulate matter (“aerosol”) is an active 
area of current research in atmospheric and combustion chemistry. The chemical evolution of 
organic aerosol is complex and dynamic since it can undergo multiple oxidation reactions with 
gas phase oxidants to form a mixture of different generations of oxidation products that control 
the average aerosol mass and volatility. In many of these systems, hydrocarbon free radicals, 
formed by reaction with gas phase oxidants, play key roles as initiators, propagators and 
terminators of surface reactions. This dissertation presents a detailed study of the reaction 
kinetics and mechanisms of the heterogeneous oxidation of unsaturated organic aerosol, and 
aims to provide new molecular and mechanistic insights into the reaction pathways in 
heterogeneous organic aerosol oxidation. 
 
The heterogeneous oxidation of unsaturated fatty acid (oleic acid C18H34O2, linoleic acid 
C18H32O2 and linolenic acid C18H30O2) aerosol by hydroxyl (OH) radicals is first studied in 
Chapter 2 to explore how surface OH addition reactions initiate chain reactions that rapidly 
transform the chemical composition of unsaturated organic aerosol. Oleic acid, linoleic acid and 
linolenic acid have the same linear C18 carbon backbone structure with one, two and three C=C 
double bonds, respectively. By studying carboxylic acids with different numbers of C=C double 
bonds, the role that multiple reactive sites plays in controlling reaction rates can be observed. 
The kinetic parameter of interest in these studies is the effective uptake coefficient, defined as 
the number of particle phase unsaturated fatty acid molecules reacted per OH-particle collision. 
The effective uptake coefficients for the unsaturated fatty acids are larger than unity, providing 
clear evidence for particle-phase secondary chain chemistry. The effective uptake coefficients for 
the unsaturated fatty acids decrease with increasing O2 concentration, indicating that O2 
promotes chain termination in the unsaturated fatty acid reactions. The kinetics and products of 
squalene (a C30 branched alkene with 6 C=C double bonds) oxidation are compared to that of the 
unsaturated fatty acids in Chapters 3 and 4 to understand how molecular structure and chemical 
functionality influence reaction rates and mechanisms. The squalene effective uptake coefficient, 
which is also larger than one, is smaller than that of linoleic acid and linolenic acid despite the 
larger number of C=C double bonds in squalene. In contrast to the unsaturated fatty acids, the 
squalene effective uptake coefficient increases with O2 concentration, indicating that O2 
promotes chain propagation in the squalene reaction. Elemental and product analysis of squalene 
aerosol shows that O2 promotes particle volatilization in the squalene reaction, suggesting that 
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fragmentation reactions are important when O2 is present in the OH oxidation of branched 
unsaturated organic aerosol. In contrast, elemental and product analysis of linoleic acid aerosol 
shows that O2 does not influence the rate of particle volatilization in the linoleic acid reaction, 
suggesting that O2 does not alter the relative importance of fragmentation reactions in the OH 
oxidation of linear unsaturated organic aerosol.  
 
Lastly, depending on the aerosol phase (e.g. solid and semi-solid) and the timescale for 
homogeneous mixing within the aerosol particle, the chemical composition may vary spatially 
within an aerosol particle. This necessitates the need for new techniques to characterize the 
interfacial chemical composition of aerosol particles. In the last portion of the dissertation, direct 
analysis in real time mass spectrometry (DART-MS) is used to analyze the surface chemical 
composition of nanometer-sized organic aerosol particles in real time at atmospheric pressure. 
By introducing a stream of aerosol particles in between the DART ionization source and the 
atmospheric pressure inlet of the mass spectrometer, the aerosol particles are exposed to a 
thermal flow of helium or nitrogen gas containing some fraction of metastable helium atoms or 
nitrogen molecules. In this configuration, the molecular constituents of organic aerosol particles 
are desorbed, ionized and detected with reduced molecular ion fragmentation, allowing for 
compositional identification. The reaction of ozone with sub-micron oleic acid particles is also 
measured to demonstrate the ability of DART-MS to identify products and quantify reaction 
rates in a heterogeneous reaction.  
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Chapter 1  
 
 

Introduction  
 
 
1.1 Chemical Reactions at Gas-Organic Interfaces 

 
Chemical reactions occurring at gas-organic interfaces are ubiquitous in many important 
industrial and natural processes. These processes include catalysis, corrosion, electrochemistry, 
combustion, photosynthesis and aerosol photo-oxidation. In many of these chemical systems, 
condensed phase hydrocarbon radicals are produced by heterogeneous reactions between gas 
phase reactants and organic surfaces comprised of long chain hydrocarbons. These hydrocarbon 
radicals play important chemical roles as chain initiators, propagators and terminators in 
condensed phase radical chain reactions. 

 
Understanding the reactivity of hydrocarbon radicals at gas-organic interfaces is challenging due 
to the uncertainty of applying gas and condensed phase reaction rates and mechanisms to 
heterogeneous reactions. Moise et al.1 showed that gas phase chemical reactions that are slow (k 
< 10-15 cm3 molec.-1 s-1) due to high activation barriers may be enhanced by several orders of 
magnitude at the gas-organic interface. For example, the reaction of bromine (Br) atoms with 
aliphatic alkane monolayers is ~ 104 times faster than the analogous gas phase reactions. In 
contrast, fast gas phase chemical reactions (k ~ 10-12 cm3 molec.-1 s-1) exhibit minimal surface 
enhancement at the gas-organic interface. Another study by Bagot et al.2 reported that the 
heterogeneous reaction rate for hydroxyl (OH) radicals reacting with a liquid squalane surface is 
enhanced by approximately 16 times over predictions made using typical Arrhenius parameters 
for analogous gas phase reactions.  
 
These examples illustrate that the gas-organic interface is chemically distinct from a gas and 
condensed phase environment. Reaction rates and product branching ratios of gas and condensed 
phase reactions depend heavily on the molecular structures of the hydrocarbon molecules, 
transition states and the availability of reaction pathways for the reactive intermediates. In 
contrast, the reaction rates of heterogeneous reactions are controlled by more complex 
interactions such as interfacial molecular orientation and thermodynamic phase. These 
interactions may yield new reaction mechanisms that are not observed in gas and condensed 
phase environments. Additional complexity arises when there are secondary reactions occurring 
at the gas-organic interface that accelerate the overall reactivity of the organic surface.  
 
1.2 Heterogeneous Oxidation of Organic Aerosol   
  
Much of the work on chemical reactions occurring at organic interfaces is driven by their 
importance in a wide array of combustion and environmental processes. Research on the 
heterogeneous oxidation of organic aerosol has been especially active over the last few years. An 
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aerosol is broadly defined as a suspension of fine liquid or solid particles in gas. A significant 
mass fraction of combustion and atmospheric aerosol is composed of organic compounds.3-5 
Once released into the atmosphere, organic aerosol is photo-oxidized by gas phase oxidants such 
as ozone (O3), chlorine (Cl) atoms, nitrate (NO3) and OH radicals.6,7 These reactions form a wide 
array of products that change the average physicochemical properties of the aerosol (e.g. particle 
size, mass and volatility). Therefore given the importance of heterogeneous organic aerosol 
oxidation in combustion and atmospheric chemistry, it is important to understand more 
fundamental gas-particle reaction rates and mechanisms. 
 
The chemical evolution of organic aerosol is complex and dynamic since it can undergo multiple 
oxidation reactions (i.e. multigenerational oxidation) with gas phase oxidants to form a mixture 
of different generations of oxidation products that control the average aerosol mass and 
volatility. The complex reaction pathways in the multigenerational oxidation of organic aerosol 
can be distilled into three broadly defined fundamental transformation processes: 
functionalization, fragmentation and oligomerization.8-11 Functionalization adds oxygenated 
functional groups to the organic aerosol with no change in particulate carbon content. This 
produces higher molecular weight products that decrease the average aerosol volatility and 
increase the aerosol mass. Fragmentation produces lower molecular weight products by cleaving 
C-C bonds along the carbon backbone. In most cases, fragmentation also adds oxygenated 
functional groups to the organic aerosol. The lower molecular weight products formed have 
higher vapor pressures and may evaporate from the particle, leading to a detectable decrease in 
aerosol mass. Oligomerization produces higher molecular weight products via covalent 
association reactions. This pathway reduces the average aerosol volatility. The aim of this 
dissertation is to use model aerosol particles to better elucidate the underlying mechanistic 
pathways that govern functionalization, fragmentation and oligomerization. 
 
1.3 OH-Initiated Oxidation of Saturated Organic Aerosol   
  
The OH radical is an important gas phase oxidant due to its high reactivity with virtually all 
organic compounds. To better understand fundamental OH-particle reaction kinetics and 
mechanisms, extensive research has been conducted on one class of heterogeneous reactions: the 
OH-initiated oxidation of saturated organic aerosol. The kinetic parameter of interest in these 
aerosol oxidation studies is the reactive uptake coefficient or reaction probability (γOH ), defined 
as the fraction of OH-particle collisions that results in a reaction. This definition necessitates γOH  
to be less than or equal to 1. γOH  can be obtained directly by measuring the loss of gas phase OH 
radicals exposed to aerosol particles.2,12,13 Alternatively, the heterogeneous reaction can be 
monitored via the loss of the particle phase molecular species (RH) to obtain an effective uptake 
coefficient (γOH

RH
). This is currently the common method for measuring organic aerosol oxidation 

due, partly, to the wide availability of aerosol mass spectrometers capable of measuring the 
changes in aerosol chemical composition in real time. It is important to note that γOH

RH
 is equal to 

γOH  only if the loss of the particle phase molecular species is due solely to the reaction with gas 
phase OH radicals. If there are secondary reactions (e.g. particle-phase free radical chain 
propagation reactions) that consume the particle phase molecular species, γOH

RH
 will be larger than 

γOH . Clear evidence for secondary chemistry is observed when γOH
RH

 is larger than 1. 
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Previous oxidation studies use chemically tractable model aerosol systems to probe the reactivity 
of saturated organic aerosol. γOH

RH
 values ranging from 0.3 to 0.8 have been measured for reduced 

single-component organic aerosol (e.g. squalane, dioctyl sebacate, n-octacosane and palmitic 
acid),9,14-16 while values between 0.37 and 0.91 have been measured for more oxygenated single-
component organic aerosol (e.g. erythritol, levoglucosan, citric acid, tartaric acid and 1,2,3,4-
butanetetra-carboxylic acid).17,18 γOH

RH
 values larger than one have been measured by Hearn et 

al.19 in their study of the OH-initiated oxidation of dioctyl sebacate aerosol. In this respect, more 
than one particle phase dioctyl sebacate molecule is lost for every OH-particle collision, thus 
clearly indicating the presence of particle-phase secondary chemistry.  
 
Oxidation products formed from the OH-initiated oxidation of saturated organic aerosol can be 
considered within the context of known gas and condensed phase reaction mechanisms.8,14-16,20,21 
Figure 1.1 shows the canonical reaction scheme for the OH-initiated oxidation of saturated 
organic aerosol. 
 

 
Figure 1.1 The general reaction scheme for the OH-initiated oxidation of saturated organic aerosol. This 
reaction scheme is derived from known gas and condensed phase reaction mechanisms. 
 
As shown in Figure 1.1, the heterogeneous oxidation is initiated by hydrogen (H) atom 
abstraction by OH, forming an alkyl radical that rapidly forms a peroxy (RO2) radical in the 
presence of O2 (R1). The RO2 radical can react with a hydroxyperoxy (HO2) radical to form an 
organic peroxide (R4). Alternatively, the RO2 radicals can self-react to form either ketones and 
alcohols via the Bennett-Summers and Russell mechanisms (R2 and R3, respectively), or alkoxy 
(RO) radicals (R5). RO radicals can subsequently react in one of four ways: intra- and 
intermolecular H atom abstraction (R6 and R7, respectively), ketone formation via reaction with 
O2 (R8), and alkoxy radical dissociation via C-C bond scission (R9). Intramolecular H atom 
abstraction may lead to the addition of more than one oxygenated functional group on the carbon 
backbone. Intermolecular H atom abstraction leads to chain propagation, which may be enhanced 
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by the high molecular density in the organic particle.  
  
Based on the reaction scheme shown in Figure 1.1, reactions R2, R3, R4, R6, R7 and R8 produce 
lower volatility higher molecular weight products and are responsible for the addition of polar 
oxygenated functional groups to the organic particle without any changes to the particulate 
carbon content (i.e. functionalization). These reactions lead to an increase in the average aerosol 
mass. Conversely, reaction R9 produces lower molecular weight products via C-C bond cleavage 
along the carbon backbone (i.e. fragmentation). These lower molecular weight products have 
higher vapor pressures and may evaporate from the particle, thus decreasing the average aerosol 
mass. Higher molecular weight products arising from oligomerization are typically not observed 
in the OH-initiated oxidation of saturated organic aerosol.8,9,14-18,20-22  
  
Several studies have previously investigated the relative importance of functionalization and 
fragmentation reaction pathways in the heterogeneous oxidation of chemically reduced organic 
aerosol.8,9,14,16,20,21 In the heterogeneous oxidation of squalane8,9,16,20 and dioctyl sebacate9,20,21 
aerosols, functionalization is an important reaction channel at the initial stages of oxidation, with 
fragmentation being of minor importance. This leads to an initial increase in the average aerosol 
mass. As more oxygenated functional groups are added to the carbon skeleton upon further 
oxidation, fragmentation increases in importance presumably due to increased rates of RO 
radical formation and subsequent dissociation. This results in the formation of higher volatility 
lower molecular weight products that evaporate from the particle, thus leading to a significant 
decrease in the average aerosol mass during the later stages of oxidation. The formation and 
dissociation rates of RO radicals depend strongly on the molecular structure of the hydrocarbon. 
Ruehl et al.15 reported that large abundances of fragmentation products are observed in squalane 
(branched C30 alkane) aerosol oxidation where the majority of fragmentation products are formed 
by the cleavage of C-C bonds involving tertiary carbon atoms. In contrast, significantly lower 
yields of fragmentation products (relative to squalane) are observed in n-octacosane (linear C28 
alkane) aerosol oxidation. This is attributed to the absence of highly reactive tertiary carbons in 
n-octacosane. 

 
In contrast to the heterogeneous oxidation of reduced organic aerosol (squalane and dioctyl 
sebacate), Kessler et al.17 reported that the average aerosol mass of highly oxygenated organic 
aerosol (citric acid, tartaric acid and 1,2,3,4-butanetetra-carboxylic acid) remain approximately 
constant during oxidation. The loss of particulate carbon by fragmentation reactions is offset by 
an approximately equivalent addition of oxygen atoms by functionalization reactions. This 
observation is attributed to the formation of fragmentation products with sufficiently low 
volatility that they remain in the particle phase. These results are consistent with field 
measurements,23-25 which find that the average particle O/C (oxygen-to-carbon) elemental molar 
ratio, but not the aerosol mass, increases with photochemical oxidation. 
 
1.4 OH-Initiated Oxidation of Unsaturated Organic Aerosol   

 
Unlike the oxidation of saturated organic aerosol, there are comparably fewer studies that have 
investigated the reaction of gas phase OH radicals with unsaturated organic aerosol. Instead 
much of the research on the heterogeneous oxidation of unsaturated organic aerosol has been 
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focused on the NO3 radical due to its importance in nighttime chemistry. Previous studies of the 
heterogeneous reaction of NO3 radicals with squalene26 and C18 unsaturated fatty acid27 aerosols 
show that the oxidation of unsaturated organic aerosol proceeds via NO3 addition to the C=C 
double bond to form a nitroalkyl radical. In the presence of O2, the nitroalkyl radicals are rapidly 
transformed to peroxy radical intermediates, which react through a series of reaction pathways to 
form higher and lower molecular weight oxygenated products.  
 
Although these NO3 oxidation studies26,27 have provided some insight into heterogeneous 
reaction rates and mechanisms, it is unclear how well they extrapolate to OH reaction systems. 
There may be differences (e.g. reaction pathways) between aerosol oxidation by NO3 and OH 
radicals. In addition, little is known about the relative importance of functionalization and 
fragmentation pathways in the heterogeneous oxidation of unsaturated organic aerosol. The 
influence of molecular structure and chemical functionality on the functionalization and 
fragmentation product distribution is also not well established. 
 
The work presented in chapters 2, 3 and 4 aims to probe both the reaction kinetics and 
mechanism of the OH-initiated oxidation of unsaturated organic aerosol. In Chapter 2, the 
heterogeneous oxidation of unsaturated fatty acid (oleic acid, linoleic acid and linolenic acid) 
aerosol is investigated. Oleic acid, linoleic acid and linolenic acid have the same linear C18 
carbon backbone structure with one, two and three C=C double bonds, respectively. By studying 
fatty acids with different numbers of C=C double bonds, the role that multiple reactive sites 
plays in controlling reaction rates can be observed. The influence of molecular structure and 
chemical functionality on reaction rates, mechanisms (i.e. functionalization vs. fragmentation) 
and product distributions are investigated in Chapters 3 and 4, where the heterogeneous 
oxidation of unsaturated fatty acid aerosol is compared to that of squalene (branched C30 alkene 
with six C=C double bonds). In the remaining sections of this chapter, the discussion is broken 
into two sections: a description of structure activity relationships used to identify similarities and 
differences between heterogeneous and gas phase oxidation, and an overview of the different 
aerosol measurement techniques used in this dissertation to analyze the chemical composition of 
organic aerosol.  
 
1.5 Structure Activity Relationships 
 
The vast amount of experimental data for gas phase reactions has led to the formulation of 
general rules for predicting the reactivity of a molecule based on its molecular structure and 
chemical functionality. These rules, summarized as structure activity relationships (SARs), 
provide estimates for the rate coefficients of gas phase reactions. SARs are typically used as a 
starting point in heterogeneous oxidation studies to ascertain key similarities and differences 
between heterogeneous and gas phase reactions.15,22,28  
 
This dissertation uses SARs formulated by Kwok et al.29 to predict the rate coefficients for 
different organic molecules reacting with the OH radical. The calculations of these rate 
coefficients are performed by assigning a local rate coefficient to each carbon (C) atom in the 
molecule. Each local rate coefficient is influenced by the type of C atom (e.g. primary, 
secondary, tertiary or C=C double bond) and the neighboring functional groups. These functional 
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groups either enhance or arrest the local rate coefficient of the C atom. The overall rate 
coefficient for the organic molecule is obtained by the addition of the local rate coefficients for 
all the C atoms in the molecule. 
  
In Chapters 2 and 3, SAR calculations are used to predict the rate coefficients for analogous gas 
phase reactions of OH with oleic acid, linoleic acid, linolenic acid and squalene molecules. The 
predicted rate coefficients are compared to reaction rates measured in these systems to provide 
insights into how the reactivity of unsaturated organic aerosol differs from that of gas phase 
unsaturated organic molecules. 

 
1.6 Chemical Analysis of Organic Aerosol 
 
Despite the current wide availability of analytical techniques, the full chemical speciation of 
organic aerosol remains an elusive goal since the chemical composition of organic aerosol is 
extremely complex. However recent major developments in aerosol instrumentation, specifically 
mass spectrometry and chromatography, has allowed for better chemical characterization of the 
molecular and elemental composition of organic aerosol. This section gives an overview of the 
different aerosol measurement techniques used in this dissertation to analyze the changes in 
aerosol chemical composition during heterogeneous oxidation.  
 
1.6.1 Online Techniques  
  
Electron impact (EI-MS), atmospheric pressure chemical ionization (APCI-MS) and vacuum 
ultraviolet (VUV) photoionization (VUV-MS) mass spectrometry are used to analyze the bulk 
chemical composition of organic aerosol particles in this study. The basic principle of these three 
techniques is the same, and involves the vaporization of aerosol particles prior to ionization, thus 
yielding a mass spectrum that is representative of the entire aerosol particle.  
 
EI ionizes gas phase analytes with energetic 70 eV electrons. Since most organic compounds 
have ionization energies below 11 eV,30 EI imparts a significant amount of excess internal 
energy to the ions. Molecular bonds are frequently broken during ionization with the resulting 
mass spectrum dominated by fragments of the ionized analyte. Figure 1.2a shows the EI mass 
spectrum of linoleic acid aerosol, which is dominated by fragment ions smaller than m/z 150. 
 
APCI produces ions through reactive collisions between gas phase analytes and secondary 
reagent ions (e.g. N2

+, H3O+, OH-, O2
-) at atmospheric pressure.31,32 The secondary reagent ions 

are formed by the ionization of atmospheric gas phase molecules using a corona discharge. 
Depending on the voltage applied on the corona discharge (positive or negative), either positive 
or negative ions are formed. The high collision frequency between gas phase analytes and 
secondary reagent ions thermalizes the reactants, thus imparting significantly less excess internal 
energy to the analyte ion. This results in minimal dissociation, leading to a more direct 
identification of organics within the aerosol via their molecular ions. Figure 1.2b shows the 
APCI mass spectrum of linoleic acid aerosol, which is dominated by the deprotonated linoleic 
acid molecular ion ([M - H]-) at m/z 279, with very few fragment ions observed. 
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VUV photoionization ionizes gas phase analytes using VUV photons (i.e. 6 eV < photon 
energies < 30 eV). By using photons with energies below 11 eV,30 organic compounds can be 
ionized with minimal excess energy and therefore fragmentation. Similar to APCI-MS, this leads 
to a more direct identification of organics within the aerosol via their molecular ions. Figure 1.2c 
shows the VUV mass spectrum of linoleic acid aerosol, which is dominated by the linoleic acid 
molecular ion (M+) at m/z 280, with very few fragment ions observed. 
 

 
Figure 1.2. (a) EI, (b) APCI, and (c) VUV mass spectra of linoleic acid aerosol. In (b), the APCI corona 
discharge is operated at - 3 kV, resulting in the formation and detection of negative ions. In (c), 10 eV 
synchrotron radiation produced by the Chemical Dynamics Beamline at ALS is used for photoionization. 
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Since both APCI and VUV mass spectra feature prominent molecular ions of organics within the 
aerosol (Figures 1.2b and 1.2c, respectively), APCI-MS and VUV-MS can be used to directly 
measure reaction rates (via the oxidative decays of particle phase precursor molecular ions) and 
identify oxidation products in aerosol oxidation studies. APCI-MS is used to measure reaction 
rates and identify oxidation products in the OH-initiated oxidation of unsaturated fatty acid 
aerosol particles presented in Chapter 2. The aerosol particles, entrained in N2 gas, are sampled 
by an atmospheric pressure ionization triple quadrupole time-of-flight mass spectrometer (API-
QTOF-MS, SCIEX model QSTAR XL) (mass resolution ~ 6000) equipped with an APCI source 
to measure the molecular composition of the aerosol. The commercial APCI source is modified 
in order to allow for the direct introduction of aerosol. The aerosol stream enters the mass 
spectrometer through a 0.4 cm inner diameter quartz tube that is surrounded by a heater. The 
inner wall of the quartz tube is maintained at a temperature of ~ 200 °C to completely vaporize 
the aerosol. The resulting vapor exits the quartz tube and enters the ionization region, where the 
gas phase analytes are ionized under atmospheric conditions by chemical ionization induced by a 
corona discharge operating at ± 3 kV. 
 
When the corona discharge is operated in the positive mode (i.e. + 3 kV), the electric field at the 
corona discharge needle attracts electrons (e-) that ionize the gas phase molecules surrounding 
the needle tip (e.g. N2 and H2O) to form gas phase secondary reagent ions (e.g. N2

+, H3O+). 
These secondary reagent gaseous ions react with gas phase analytes (M) to form protonated 
molecular ions [M + H]+. Examples of the type of gas phase ion-molecule reactions that occur in 
the APCI ionization region are.31-33  

N2 (g) + e-  N2
+ (g) + 2e-    (1.1) 

N2
+ (g) + 2N2 (g)  N4

+ + N2    (1.2) 
N4

+ (g) + H2O (g)  H2O+ (g) + 2N2 (g)    (1.3) 
H2O+ (g) + H2O (g)  H3O+ (g) + OH (g)   (1.4) 
M (g) + H3O+ (g)  H2O (g) + [M + H]+  (g)   (1.5) 

 
When the corona discharge is operated in the negative mode (i.e. - 3 kV), electrons are emitted 
from the corona discharge needle. These electrons interact with gas phase H2O and O2 molecules 
to produce OH- and O2

- secondary reagent ions, respectively, which react with gas phase analytes 
to form deprotonated molecular ions [M - H]-.31-33 

OH- (g) + M (g)  H2O (g) + [M - H]- (g)   (1.6) 
O2

- (g) + M (g)  HO2 (g) + [M - H]- (g)   (1.7) 
 
The [M + H]+ and [M - H]- ions are subsequently detected and mass analyzed by the API-QTOF-
MS. Selection of the appropriate APCI ionization mode (positive or negative) is important since 
the secondary reagent ions react selectively with specific chemical species. For example, OH- 
and O2

- secondary reagent ions (which are produced in the APCI negative mode) selectively 
ionize organic molecules with alcohol and carboxylic acid functional groups. Therefore the 
APCI source is operated in the negative mode to analyze the chemical composition of oxidized 
unsaturated fatty acid aerosol in Chapter 2 since the unsaturated fatty acids and their oxidation 
products all have carboxylic acid functional groups.  
 
VUV-MS is used to measure reaction rates and identify oxidation products in the OH-initiated 
oxidation of squalene aerosol particles presented in Chapter 3. The chemical composition of the 
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aerosol is measured using a home-built VUV photoionization aerosol mass spectrometer (VUV-
AMS) (mass resolution ~ 1500).34,35 The aerosol enters the VUV-AMS through a 100 µm flow-
limiting orifice. The sampled aerosol is then passed through a series of aerodynamic lenses that 
separates the particles from the gas phase and focuses the particles into a tight collimating 
particle beam. The gas is removed by differential pumping. The transmitted particles exit the 
aerodynamic lens system and enter the vaporization/ionization region of the VUV-AMS. Here 
they are impinged on a heated copper block (180 °C) and thermally vaporized prior to ionization 
by VUV radiation produced by the Chemical Dynamics Beamline at the Advanced Light Source 
(ALS). The gas phase analytes are photoionized to form positive molecular ions (M+): 

M (g) + hν  M+ (g) + e-     (1.8) 
 
VUV radiation from the Chemical Dynamics Beamline of the ALS is produced using an 
undulator that can be tuned to obtain VUV radiation between 7 and 25 eV. The photon energy is 
tuned by changing the gap between the undulator magnets. ~ 1015 photons/s is delivered to the 
vaporization/ionization region of the mass spectrometer. The M+ ions are subsequently detected 
and mass analyzed by a time-of-flight mass spectrometer. Unlike APCI-MS, which selectively 
ionizes certain chemical species, organic molecules of different chemical functionalities (e.g. 
alkanes, alkenes, carbonyls, alcohols, carboxylic acids) can be detected using VUV-MS.  
 
A commercial high-resolution time-of-flight EI aerosol mass spectrometer (HR-ToF-AMS, 
Aerodyne Research Inc.) is used to measure the average O/C (oxygen-to-carbon) and H/C 
(hydrogen-to-carbon) elemental molar ratios of unsaturated fatty acid and squalene aerosols in 
Chapters 2 and 3. At the mass resolution of the HR-ToF-AMS (~ 4300),36-38 the formulae for all 
the ions in the mass spectrum can be identified. Since EI ionization cross-sections (which are 
proportional to the number of electrons in the molecule) and fragmentation patterns of organic 
molecules are well established, the integrated intensities of ion peaks in the EI mass spectra can 
be used for quantification. Therefore the relative abundances of C, H, and O atoms within the 
particle can be determined from the formulae and ion peak intensities.36-40 In contrast, it is 
difficult to draw quantitative conclusions about product yields from ion peak intensities in APCI 
and VUV mass spectra since the ionization cross-sections and fragmentation patterns are not 
known.   
 
The HR-ToF-AMS has been described in detail previously36-38 and will be discussed briefly here. 
The HR-ToF-AMS consists of five differentially pumped chambers: the aerosol sampling 
chamber, the particle-sizing chamber, the particle vaporization and ionization chambers, and the 
time-of-flight mass spectrometer (TOF-MS, ToFWerk). The aerosol enters the HR-ToF-AMS 
through a particle-sampling inlet through a 100 µm critical orifice. The sampled aerosol is then 
passed through six aerodynamic lenses that separate the particles from the gas phase and focus 
the particles (in the size range ~ 50 − 600 nm) into a tight ~ 100 µm diameter particle beam. Gas 
is removed by differential pumping. As the particles pass through each aerodynamic lens, they 
are accelerated in a supersonic expansion caused by the difference in pressure between the 
aerosol sampling chamber and the particle-sizing chambers. This results in particles of different 
sizes having different velocities. After passing through the series of aerodynamic lenses, the 
particles enter the particle-sizing chamber where a rotating chopper wheel, with two radial slits 
positioned 180o apart, intercepts the focused particle beam. This rotating chopper wheel, which is 
synchronized to the mass spectrometer, only allows particles to pass through the radial slits. By 
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measuring the time of flight between the chopper wheel and the TOF-MS detector, the particles’ 
velocities and consequently the particles' aerodynamic diameters can be determined. After 
passing through the particle-sizing chamber, the particles are impinged onto a resistively heated 
surface (600 oC) where they are flash vaporized under high-vacuum conditions. The vaporization 
process occurs directly inside an EI ionizer where the gas phase analytes are ionized by 70 eV 
electrons to positive ions, which are subsequently mass analyzed by the TOF-MS . 
 
1.6.2 Offline Techniques  
 
The mass spectrometry techniques described in section 1.6.1 are used to broadly measure the 
evolution of unsaturated fatty acid and squalene products during heterogeneous oxidation as 
described in detail in Chapters 2 and 3, respectively. While this method is useful for providing a 
general description of the reaction, finer details are needed to develop new molecular and 
mechanistic insights into how molecular structure and chemical functionality influence 
functionalization and fragmentation pathways in the heterogeneous oxidation of unsaturated 
organic aerosol.  
 
In Chapter 4, the linolenic acid and squalene products are comprehensively characterized at a 
molecular level. Aerosol samples are collected on quartz filters (prebaked at 600 °C) during 
aerosol oxidation experiments. The filter samples are then analyzed using two-dimensional gas 
chromatography and detected by high-resolution time-of-flight mass spectrometry utilizing either 
EI or VUV photoionization (GC × GC-HRTOF-EI/VUVMS). This approach separates and 
quantifies the linolenic acid and squalene oxidation products. Valuable insights into the 
functionalization and fragmentation pathways in the heterogeneous oxidation of unsaturated 
organic aerosol are obtained via the identities and relative abundances of these oxidation 
products.  
 
The GC × GC-HRTOF-EI/VUVMS used to analyze the filter samples has been described in 
detail previously15,22,28 and will be discussed briefly here. The filter samples are thermally 
desorbed at 320 °C in helium using a thermal desorption system and autosampler (TDS3 and 
TDSA2, Gerstel). The desorbed samples are introduced into a two-dimensional gas 
chromatograph (GC × GC, Agilent 7890) with in situ gas phase N-methyl-N-trimethylsilyl 
trifluoroacetamide (MSTFA) derivatization. Analytes are first separated by volatility using a 60 
m × 0.25 mm × 0.25 µm nonpolar capillary column (Rxi-5Sil MS, Restek, 85 min retention 
time), and then by polarity using a 1 m × 0.25 mm × 0.25 µm medium polarity column (Rtx-
200MS, Restek, 2.3 s retention time). The first column is interfaced to the second column by a 
dual loop modulator (1.5 m × 0.25 mm Rxi guard column, Zoex Corp, 2.4 s modulation time). 
Mass spectra are obtained using a high-resolution (mass resolution ~ 4000) time-of-flight mass 
spectrometer (ToFWerk) with either EI ionization (70 eV) or VUV photoionization (10.5 eV). 
The VUV radiation is produced by the Chemical Dynamics Beamline at the Advanced Light 
Source.  
 
Internal standards of deuterated n-alkanes are used to correct for GC column transfer efficiency 
and reproducibility. External standards are also analyzed for quantification purposes.22,28 EI-MS 
measurements are used to quantify the oxidation products. The detection limit of this 
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quantification technique is ~ 0.4 ng. VUV-MS measurements are used to identify structural 
isomers of oxidation products since VUV produces more prominent molecular ions and 
significantly fewer fragment ions compared to EI ionization. MSTFA derivatization aids in the 
detection of alcohols and carboxylic acids by depressing the polarity of these molecules via the 
substitution of the acidic H atoms in alcohol and carboxylic functional groups with trimethylsilyl 
groups.  
 
1.6.3 Surface Chemical Characterization of Sub-micron 
Organic Aerosol Particles  
 
The mass spectra obtained by the mass spectrometry techniques described in sections 1.6.1 and 
1.6.2 are representative of the entire aerosol (i.e. bulk chemical composition). However, 
depending on the aerosol phase (e.g. solid and semi-solid) and the timescale for homogeneous 
mixing within the particle, the chemical composition may vary spatially within the particle. This 
necessitates the need for new techniques to characterize the interfacial chemical composition of 
aerosol particles. Chapter 5 reports the novel application of direct analysis in real time mass 
spectrometry (DART-MS) in the real time surface chemical characterization of sub-micron 
organic aerosol particles.  
 
DART-MS is an atmospheric pressure mass spectrometry ionization technique that has been 
applied to the analysis of gaseous, liquid and solid polar and non-polar samples without prior 
sample preparation.41,42 In DART-MS, samples are placed in between the ion source and the 
atmospheric interface inlet of a mass spectrometer, where they are exposed to a thermal stream 
of N2 or He gas containing some fraction of metastable atoms or molecules (e.g. He* or N2*) 
emitted by the ion source to induce desorption and ionization. Detailed descriptions of the 
different ionization channels have been published previously.41-47 In the positive ionization 
mode, protonated water clusters are formed via Penning ionization when the gaseous metastable 
He species (He*) emitted from the ion source react with atmospheric water molecules (H2O):  

  He* (g) + nH2O (g)  He (g) + [(H2O)n-1H]+ (g) + OH- (g)  (1.9) 
These protonated water clusters react with thermally desorbed analyte molecules (M) to form 
protonated molecular ions: 

[(H2O)n-1H]+ (g) + M (g)  [M + H]+ (g) + nH2O (g)   (1.10) 
He* species also react with atmospheric oxygen molecules (O2) to form oxygen molecular ions 
(O2

+). Deprotonated ([M - H]+) and odd electron (M+) molecular ions are formed through a 
reaction sequence involving charge exchange and hydride abstraction reactions with O2

+ ions:  
He* (g) + O2 (g)  He (g) + O2

+ (g) + e-    (1.11) 
O2

+ (g) + M (g)  M+ (g) + O2 (g)    (1.12) 
O2

+ (g) + M (g)  [M - H]+ (g) + HO2 (g)   (1.13) 
 
In the negative ionization mode, the electrons produced in the DART ion source undergo capture 
by ambient O2 to produce oxygen anions (O2

-): 
O2 (g) + e-  O2

- (g)     (1.14) 
The oxygen anions react with thermally desorbed analyte molecules through proton abstraction 
and charge transfer reactions to produce analyte anions (i.e. [M - H]- and M-): 

O2
- (g) + M (g)  [M - H]- (g) + HO2 (g)   (1.15) 
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O2
- (g) + M (g)  M- (g) + O2 (g)    (1.16) 

In Chapter 5, aerosol particles are introduced directly between the DART ion source (IonSense, 
DART SVP with Vapur Interface) and the atmospheric interface inlet of a mass spectrometer 
where the outermost surface layers of the aerosol particles are thermally desorbed, ionized and 
analyzed by a mass spectrometer. Quantitative measurements showing that DART-MS 
chemically characterizes the particle interface will be presented. The reaction of sub-micron 
oleic acid particles with O3 is also studied to demonstrate the ability of DART-MS to identify 
products and quantify reaction rates in heterogeneous reactions in a laboratory setting.  
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Chapter 2 
 
 

OH-Initiated Oxidation of Unsaturated Fatty 
Acid Aerosol Particles 
 

The content and figures of this chapter are reprinted or adapted with permission from Nah, T.; 
Kessler, S.H.; Daumit, K.E.; Kroll, J.H.; Leone, S.R.; Wilson, K.R.,”OH-Initiated oxidation of 

sub-micron unsaturated fatty acid particles” Phys. Chem. Chem. Phys., 2013, DOI: 
10.1039/c3cp52655k  

 
The heterogeneous reaction of OH radicals with sub-micron unsaturated fatty acid particles in 
the presence of H2O2 and O2 is studied to explore how surface OH addition reactions initiate 
chain reactions that rapidly transform the chemical composition of an organic particle. In the 
presence of 20.7 ppm [H2O2] in a 10 % mixture of O2 in N2, the effective uptake coefficients of 
oleic acid, linoleic acid and linolenic acid are found to be 1.72 ± 0.08, 3.75 ± 0.18 and 5.73 ± 
0.14, respectively. These effective uptake coefficients are larger than unity, providing clear 
evidence for particle-phase secondary chain chemistry. The effective uptake coefficient increases 
linearly with the number of C=C double bonds in the unsaturated fatty acid molecule. Elemental 
composition analysis reveals that there is an addition of, on average, 0.57 ± 0.02, 0.61 ± 0.01 and 
0.73 ± 0.04 O atoms per reactive loss of oleic acid, linoleic acid and linolenic acid, respectively, 
which suggests that OH addition to the C=C double bond is not the sole reaction pathway that 
consumes the molecular species. These results suggest the potential presence of secondary 
reactions that consume the unsaturated fatty acid molecular species without increasing the 
particulate oxygen content. As the unsaturated fatty acid particles become more oxygenated, 
volatilization also becomes significant. The magnitudes of the effective uptake coefficients are 
found to be dependent on the concentrations of OH, O2 and H2O2 in the flow reactor. A plausible 
reaction mechanism is presented to show how surface OH addition reactions initiate chain 
reactions that rapidly transform an unsaturated organic particle’s physicochemical properties.  
 
2.1 Introduction 

 
Free radical-initiated oxidation of hydrocarbons plays a key role in many important processes 
such as material synthesis, combustion, atmospheric chemistry, soot formation and oxidation. 
Given the importance of hydroxyl (OH) radicals in atmospheric and combustion chemistry, the 
reaction mechanisms and rates of OH radicals with a variety of gas phase hydrocarbons have 
been studied extensively.1-3 Two classes of OH-initiated reaction mechanisms that are generally 
well-understood are hydrogen atom (H) abstraction and OH addition reactions, shown in 
Equations 2.1 and 2.2, respectively. 
 

 (2.1) 
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  (2.2) 
 

For the OH oxidation of saturated hydrocarbons, the reaction is initiated solely by the abstraction 
of a H atom by the OH radical to form an alkyl radical and H2O (Equation 2.1). In the case of 
unsaturated hydrocarbons, the reaction occurs either by H abstraction to form an alkyl radical 
and H2O (Equation 2.1) or by the addition of OH to the C=C double bond to form a hydroxyalkyl 
intermediate (Equation 2.2). OH addition to the C=C double bond is found to be the dominant 
reaction channel for gas phase unsaturated hydrocarbons.1-3 The rate coefficients for the OH 
oxidation of unsaturated hydrocarbons are also significantly faster than the OH oxidation of 
saturated hydrocarbons.1-3 The alkyl and hydroxyalkyl radicals can react with O2 to form peroxy 
and hydroxyperoxy radicals, respectively.1-6 One important reaction pathway for the peroxy and 
hydroxyperoxy radicals is the peroxy radical + peroxy radical reaction1-3 and the hydroxyperoxy 
radical + hydroxyperoxy radical reaction,4-6 respectively. The peroxy radical self-reaction 
produces higher molecular weight products with one oxygenated functional group,1-3 while the 
hydroxyperoxy radical self-reaction forms higher molecular weight products with two 
oxygenated functional groups.4-6   
 
Recently, there has been an increased focus on the heterogeneous reaction of gas phase OH 
radicals with sub-micron organic particles due to the importance of particles in many 
environmental and combustion processes. The gas-particle interface is chemically distinct from 
the homogeneous environment of a gas or condensed phase. While reaction rates and product 
distributions depend upon the molecular structure and transition states in gas phase reactions, 
interfacial molecular orientation and thermodynamic phase may control reaction rates and 
product distributions for heterogeneous reactions. As a result, predictions of particle surface 
reactivity based solely on the molecular structure (e.g. the number and type of reactive sites in an 
isolated molecule) are often inaccurate.7,8 

 
A key quantity for the reaction of OH radicals with sub-micron organic particles is the reaction 
probability or the reactive uptake coefficient, defined as the fraction of gas-particle collisions 
that results in a reaction. Obtaining the reactive uptake coefficient by measuring the reactive loss 
of the gas phase radicals necessitates it, by definition, to be less than or equal to 1. Alternatively, 
the heterogeneous reaction can be monitored via the loss of the particle phase molecular species 
to obtain an effective uptake coefficient. An effective uptake coefficient larger than unity 
indicates that more than one particle phase molecular species is lost for every gas-particle 
collision and is clear evidence for particle-phase secondary chemistry. Many groups studying the 
OH-initiated oxidation of organic particles have observed particle-phase secondary chemistry in 
this manner.9-11  

 
To better understand fundamental OH-particle reaction mechanisms and kinetics, several studies 
have focused on one class of heterogeneous reactions, namely the OH oxidation of saturated 
organic particles.9-20 These studies determined that, as observed in the gas phase, the reaction 
proceeds via H abstraction by the OH radical to form an alkyl radical (Equation 2.1).9-18 In the 
presence of O2, the alkyl radical is rapidly transformed to a peroxy radical intermediate, which 
can react with another peroxy radical to form alkoxy radicals or higher molecular weight 
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oxygenated products such as alcohols and ketones (i.e. functionalization).9-13,15,16 As more 
oxygenated functional groups are added to the carbon backbone, volatilization becomes a 
significant loss channel for particulate organic matter presumably due to increased rates of 
alkoxy radical formation.10-13,15,16 Alkoxy radicals can dissociate via C-C bond cleavage (i.e. 
fragmentation) into higher volatility lower molecular weight oxidation products that can 
evaporate from the particle, leading to a net reduction in particle mass.10-13,15,16,18 The formation 
and dissociation rates of these alkoxy radicals are highly dependent on the molecular structure, 
with linear molecules undergoing significantly less fragmentation than branched molecules.12,20 

  
Unlike the OH oxidation of saturated organic particles, there are few studies on the reaction of 
gas phase OH radicals with condensed phase unsaturated organic compounds. Studies of the 
reaction of OH radicals with alkene monolayers reveal that the reaction is fast and proceeds via 
OH addition to the C=C double bond (Equation 2.2).21,22 However, little is known about the 
oxidation products and the reaction pathways taken by the hydrocarbon radical intermediates to 
form these oxidation products. 

  
This chapter presents an in-depth investigation on the heterogeneous OH oxidation of 
unsaturated organic particles. The single-component unsaturated organic particles used in this 
study are oleic acid (OA, C18H34O2), linoleic acid (LA, C18H32O2) and linolenic acid (LNA, 
C18H30O2). The molecular structures of these unsaturated fatty acids are shown in Figure 2.1. 

  

 
Figure 2.1. Chemical structures of the unsaturated fatty acids used in this study: oleic acid, linoleic acid 
and linolenic acid.  
 
Oleic acid, linoleic acid and linolenic acid have the same C18 carbon backbone structure with 
one, two and three C=C double bonds, respectively. By studying fatty acids with different 
numbers of C=C double bonds, the role that multiple reactive sites have on controlling the 
heterogeneous reaction probability can be observed. 

  
The reaction of gas phase OH radicals with sub-micron unsaturated fatty acid aerosol particles is 
measured in a photochemical flow reactor in which OH radicals are produced by the photolysis 
of hydrogen peroxide (H2O2) gas. A combination of real-time atmospheric pressure chemical 
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ionization (APCI-MS) and electron impact (EI-MS) aerosol mass spectrometry is used to 
examine the underlying reaction mechanism (i.e. OH addition) and the rates at which OH 
radicals react with unsaturated organic particles. APCI-MS is used to measure effective uptake 
coefficients and identify oxidation products, while EI-MS is used to probe the changes in particle 
mass and elemental composition. Descriptions of APCI-MS and EI-MS are discussed previously 
in Chapter 1. The effect that O2, H2O2 and OH concentrations have on the effective uptake 
coefficients is investigated to formulate a plausible reaction mechanism. 

  
This work builds on previous studies on the heterogeneous kinetics and chemical mechanism 
(i.e. H abstraction) of the radical-initiated oxidation of saturated organic particles. Previous 
studies have shown that the OH- and Cl-initiated oxidation of saturated organic particles, in the 
presence of O2, proceeds sequentially via the addition of one oxygenated functional group per 
reactive loss of particle phase molecular species (i.e. functionalization) at the initial stages of 
oxidation.7,9,13,15 As the saturated organic particle becomes more oxygenated, fragmentation 
reactions become more important, resulting in volatilization becoming a significant loss channel 
for particulate organic matter.12,13,15 Previous studies also showed that particle-phase secondary 
chain reactions, which depend on the concentrations of radical initiators and chain propagators 
and terminators, could dramatically alter reaction rates and product formation kinetics.7,9 This 
present work is aimed at understanding the heterogeneous kinetics and chemical mechanism (i.e. 
OH addition) of the OH-initiated oxidation of unsaturated organic particles, as well as to 
ascertain the roles that secondary chain chemistry, functionalization and fragmentation reaction 
pathways play in governing the oxidative transformation of an unsaturated organic particle’s 
physicochemical properties. 
 
2.2 Experimental Methods 
 
The experimental setup is shown in Figure 2.2. An atmospheric pressure flow reactor is used to 
investigate the heterogeneous reaction of OH radicals with unsaturated fatty acid particles.  
 

 
Figure 2.2. Schematic of the experimental setup used to measure the OH-initiated oxidation of 
unsaturated fatty acid aerosol. 
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Aerosol particles are formed by homogeneous nucleation in a 0.35 L/min nitrogen (N2) stream 
flowing through a ~ 45 cm long Pyrex tube containing the unsaturated fatty acid. The tube is 
heated in a furnace to ~ 105 °C producing a lognormal particle size distribution. The particle 
flow is then passed through an annular denuder containing activated charcoal to remove any 
residual gas phase organic compounds that may be formed in the tube furnace. The mean 
surface-weighted diameter and geometric standard deviation of the unsaturated fatty acid 
particles are ~ 125 and ~ 1.2 nm, respectively. The relative humidity within the flow reactor is 
fixed at 30 % by introducing 0.3 L/min of N2 through a water bubbler. In contrast to our previous 
work on the OH-initiated oxidation of saturated organic particles where OH radicals are 
generated via the photolysis of ozone (O3) in the presence of humidified N2,9,12,13,15,17,18 here OH 
radicals are generated via the photolysis of H2O2 gas. O3 is not used here since it can react with 
the C=C double bonds of the acids. 
 
A stream of N2/H2O2 mixture is introduced into the reactor by passing 0.1 to 0.22 L/min N2 
through an additional bubbler, which is packed with a 50:50 mixture of urea-hydrogen peroxide 
(UHP) and sand heated to 50 °C. As shown by Ball et al.,23 a steady stream of H2O2 gas is 
produced when solid UHP crystals are heated to a fixed temperature. Additional flows of N2, O2 
and a trace quantity of reference compound hexane (~ 150 ppb hexane in the flow reactor) are 
also added, to give a total flow rate of 1 L/min entering the flow reactor. The concentrations of 
O2 reported here are flow ratios (i.e. volume concentrations). For example, 10 % [O2] is obtained 
when 0.1 L/min of the total 1 L/min flow is O2. For the experiments performed without O2, a 
scrubber (0.75 L Supelpure-O trap) is placed in the nitrogen lines to reduce the residual oxygen 
levels in the reactor, which are estimated to be less than 0.05 %. 
 
The gas and particle flows are mixed and introduced into a 1.7 m long, 6.15 cm inner diameter 
quartz flow reactor. OH radicals are generated along the length of the flow reactor using four 
continuous output 130 cm long Hg (λ = 254 nm) lamps placed outside and along the length of the 
flow reactor. The flow reactor is actively cooled using pressurized air directed perpendicularly at 
three points along the length of the flow reactor. The total flow rate going through the flow 
reactor is 1 L/min. Based on the illuminated portion of the flow reactor, this corresponds to an 
estimated reaction time of 232 s. The H2O2 concentration in the flow reactor can be varied by 
either changing the temperature of the UHP/sand mixture or by changing the flow rate of N2 gas 
passing through the bubbler containing the UHP/sand mixture. OH concentrations in the flow 
reactor range from 8 × 107 to 2 × 109 molec. cm-3. 

 
Upon exiting the reactor, a fraction of the flow is sampled by an atmospheric pressure ionization 
triple quadrupole time-of-flight mass spectrometer (API-QTOF-MS, SCIEX model QSTAR XL) 
equipped with an atmospheric pressure chemical ionization (APCI) source to measure the 
molecular composition of the aerosol. The commercial APCI source is modified in order to allow 
for the direct introduction of aerosol. The aerosol stream enters the mass spectrometer through a 
0.4 cm inner diameter quartz tube that is surrounded by a heater. The inner wall of the quartz 
tube is maintained at a temperature of ~ 200 °C to completely vaporize the aerosol. The resulting 
aerosol vapor exits the quartz tube and enters the ionization region, where the molecules are 
ionized under atmospheric conditions by chemical ionization induced by a corona discharge 
operating at 3 kV. As demonstrated by Warscheid et al.,24 depending on whether a positive or 
negative voltage is applied to the APCI source’s corona discharge, stable [M+H]+ and [M-H]- 
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ions can be formed in the positive-ion and the negative-ion mode, respectively. These ions are 
produced by gas phase ion-molecule reactions between charged reactant ions and neutral analyte 
molecules (M). The APCI mass spectra of the unsaturated fatty acids are detected in the negative 
ion mode (resolving power ~ 6000 at m/z 300). Calibrations are done prior to kinetic 
measurements to ensure that the ion signal is linearly proportional to the aerosol mass 
concentration. 

 
For selected experiments, a high-resolution time-of-flight electron impact (EI) aerosol mass 
spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) is used to determine the average oxygen-
to-carbon (O/C) and hydrogen-to-carbon (H/C) elemental molar ratios of the aerosol.25-28 At the 
mass resolution of the HR-ToF-AMS (~ 4300),27 all of the ions in the mass spectrum can be 
identified, allowing for the determination of the relative abundances of C, H, and O in the 
sampled aerosol stream. Since the elemental ratios determined from EI need to be corrected for 
chemical biases that arise from ion fragmentation within the mass spectrometer,25,26 the 
recommended correction factors of 0.75 for O/C and 0.91 for H/C are used for these 
measurements.  

 
A fraction of the remaining flow is sampled by a gas chromatograph (GC) equipped with a flame 
ionization detector (SRI model 8610C) to monitor the loss of the gas phase reference compound 
hexane, which reacts with OH radicals at a rate constant of 5.2 × 10-12 cm3 molec.-1 s-1.29 
Particles and H2O2 are removed prior to the GC measurement using a particle filter and a 
potassium iodide (KI) trap, respectively. For the detection of hexane, the flow is pre-
concentrated in a TenaxTM-GR adsorbent trap for 3 min before analysis. The GC monitors the 
decay of the hexane concentration during the reaction and is used to compute the average OH 
exposure ([OH] × reaction time) using a relative rate approach described previously by Hearn et 
al.19 and Smith et al.13  

 
A scanning mobility particle sizer (SMPS, TSI model 3936) is used to measure the particle size 
distribution. An ozone monitor (2B Technologies Model 202), using an optical absorption cell at 
254 nm, is used to determine the concentration of H2O2 in the flow reactor prior to reaction. To 
obtain H2O2 concentrations using this instrument, the measurements are corrected for the 
difference in the absorption cross-sections of O3 and H2O2 at 254 nm. 

 
For the experiments conducted to determine how [H2O2] and [O2] in the reactor alter the reaction 
rate, the OH exposure is changed by keeping the total flow rate (i.e. reaction time) constant and 
changing the average OH concentration in the reactor by adjusting the photon flux of the Hg 
lamps and hence the photolysis rate of H2O2. Alternatively, for the measurements made to 
determine how the reaction rate depends on the absolute [OH] in the reactor, the OH exposure is 
changed by adjusting the reaction time instead of the photon flux of the Hg lamps. This is done 
by keeping the total flow rate fixed and moving an opaque curtain along the length of the flow 
reactor, as described by Liu et al.7 This changes the illuminated reaction region and hence the 
reaction time. Analogous to the setup used by Liu et al.,7 a constant H2O2 photolysis rate along 
the illuminated length of the flow reactor will result in a uniform concentration of OH radicals in 
the flow reactor. This leads to the OH exposure being linearly proportional to the residence time 
of the aerosol in the illuminated region of the reactor. 
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The second order rate constant for the heterogeneous reaction of unsaturated fatty acid particles 
with OH radicals is quantified by measuring the decay in the relative intensities of the 
unsaturated fatty acid ion signal in the mass spectrum as a function of OH exposure. The rate 
constant (kUFA) for the OH reaction of unsaturated fatty acid aerosol is determined using the 
standard relative rate methodology described by Hearn et al.19 and Smith et al.13 The normalized 
decay of unsaturated fatty acid in the particle phase is compared with the normalized decay of 
hexane, 

€ 

ln([UFA]/[UFA]0 ) = kUFA(
ln([Hex]/[Hex]0 )

kHex
)
   

(2.3)
 

where [UFA] and [UFA]0 are the final and initial concentrations of particle phase unsaturated 
fatty acid, [Hex] and [Hex]0 are the final and initial concentrations of hexane, and kHex is the rate 
constant for the reaction of hexane with OH radicals. Smith et al.13 showed that the bracketed 
portion on the right hand side of Equation 2.3 is equal to the average OH exposure (〈OH〉t⋅t) and 
can be expressed as, 

ln([Hex] / [Hex]0 )
−kHex

= [OH ]dt = 〈OH 〉t ⋅ t
0

t

∫
    

(2.4)
 

where [OH] is the time dependent OH concentration. Equation 2.4 can be substituted into 
Equation 2.3, and converted into exponential form to obtain the normalized decay of particle 
phase unsaturated fatty acid,

 [UFA]
[UFA]0

= exp(−kUFA 〈OH 〉t ⋅ t)
     

(2.5)
 

 
Assuming that kUFA is independent of [OH], [UFA]/[UFA]0 can be plotted against 〈OH〉t⋅t and fit 
to an exponential function to determine kUFA. Using the formalism developed by Smith et al., the 
effective uptake coefficient (γOH

UFA
), defined as the number of particle phase unsaturated fatty acid 

molecules reacted per OH-particle collision, can be expressed as,13  

γOH
UFA =

2 ⋅ kUFA ⋅Dsurf ⋅ρ0 ⋅NA

3⋅c
_
⋅MUFA

      (2.6) 

where Dsurf is the mean surface-weighted particle diameter, ρ0 is the initial unsaturated fatty acid 
density, NA is the Avogadro’s number, c

_

 is the mean speed of gas phase OH, and MUFA is the 
molar mass of the unsaturated fatty acid. 
 
This formulation (Equation 2.6) of the effective uptake coefficient assumes that the unsaturated 
fatty acid decay rate is directly proportional to the concentration of the unsaturated fatty acid in 
the particle.13 Since monolayer studies have shown that the OH + alkene reaction is fast,21,22 it is 
assumed that the heterogeneous OH reaction of the unsaturated fatty acid particle should be a 
fast surface reaction,30 thus resulting in an exponential decay of the particle phase unsaturated 
fatty acid as a function of OH exposure.13 The validity of this assumption will be discussed in 
section 2.3.1. 
 
In addition, Equation 2.6 also assumes that the particle is internally well-mixed on the timescale 
of the reaction (i.e. mixing in the particle is sufficiently fast such that unreacted unsaturated fatty 
acid molecules are continuously replenished at the particle surface). The estimated timescale for 
the reactive loss of the acids (i.e. the ratio of the unsaturated fatty acid decay constant (1/kUFA) to 
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the average [OH] in the reactor) is several orders of magnitude (~ 7 × 106) longer than the 
mixing time in the particle.31 Therefore the reaction is not limited by the diffusion of unsaturated 
fatty acid molecules to the particle surface on the timescale of the reaction. 
 
2.3 Results and Discussion 
 
2.3.1 Oxidation Products and Kinetics 
 
APCI-MS is used to identify oxidation products and measure effective uptake coefficients. The 
mass spectrum of unreacted linoleic acid particles is shown in Figure 2.3a. Before reaction, the 
mass spectrum is dominated by the deprotonated linoleic acid molecular ion ([M-H]-) at m/z 279, 
with very few lower molecular weight ions observed. 

 

 
Figure 2.3. The negative-ion APCI mass spectrum of linoleic acid (LA) particles from m/z 100 to 600. No 
peaks are observed above the background at masses lower than m/z 100. (a) Before reaction, the main 
peak observed in the spectrum is the linoleic acid parent ion ([M-H]-, m/z 279). (b) After reaction with 
OH radicals (~ 2.3 × 1011 molec. cm-3 s) at [H2O2] = 20.7 ppm and [O2] = 10 %, the linoleic acid peak 
intensity decreases and higher molecular weight oxygenated reaction products are formed. The groups of 
higher molecular weight oxygenated reaction products are denoted as LAO, LAO2 and LAO3, 
respectively, to denote the number of oxygen atoms added to the linoleic acid molecule. The inset shows 
the exact mass difference from the linoleic acid parent ion to the main peak in each group of reaction 
products. The mass spectra are normalized to the initial linoleic acid peak intensity before reaction. 
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Similar mass spectra are also observed for oleic acid and linolenic acid aerosol before reaction, 
where the mass spectrum is dominated by the deprotonated oleic acid (m/z 281) and linolenic 
acid (m/z 277) molecular ions, respectively (Figures 2.4a and 2.5a, respectively).  

 

 
Figure 2.4. The negative-ion APCI mass spectrum of oleic acid (OA) particles from m/z 100 to 600. No 
peaks are observed above the background at masses lower than m/z 100. (a) Before reaction, the main 
peak observed in the spectrum is the oleic acid parent ion ([M-H]-, m/z 281). (b) After reaction with OH 
radicals (~ 2.4 × 1011 molec. cm-3 s) at [H2O2] = 20.7 ppm and [O2] = 10 %, the oleic acid peak intensity 
decreases and higher molecular weight oxygenated reaction products are formed. The groups of higher 
molecular weight oxygenated reaction products are denoted as OAO, OAO2 and OAO3, respectively, to 
denote the number of oxygen atoms added to the oleic acid molecule. The mass spectra are normalized to 
the initial oleic acid peak intensity before reaction. 
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Figure 2.5. The negative-ion APCI mass spectrum of linolenic acid (LNA) particles from m/z 100 to 600. 
No peaks are observed above the background at masses lower than m/z 100. (a) Before reaction, the main 
peak observed in the spectrum is the linolenic acid parent ion ([M-H]-, m/z 277). (b) After reaction with 
OH radicals (~ 2.6 × 1011 molec. cm-3 s) at [H2O2] = 20.7 ppm and [O2] = 10 %, the linolenic acid peak 
intensity decreases and higher molecular weight oxygenated reaction products are formed. The groups of 
higher molecular weight oxygenated reaction products are denoted as LNAO, LNAO2 and LNAO3, 
respectively, to denote the number of oxygen atoms added to the linolenic acid molecule. The mass 
spectra are normalized to the initial linolenic acid peak intensity before reaction. 
 
These mass spectra are consistent with a study by Hoffmann et al.32 where the deprotonated 
molecular ions of various small carboxylic acid (< C10 acid) aerosols are detected in the 
negative-ion APCI mode. They determined that these species, being Brønsted acids, are highly 
sensitive towards chemical ionization and form stable deprotonated molecular ions upon 
ionization due to the loss of the acidic hydrogen atom. Although Hoffmann et al. detected acid 
dimers in their study,32 no acid dimers are detected above the background signal here in the 
negative ion mode (Figures 2.3a, 2.4a and 2.5a). Given the APCI-MS background signal (2 to 3 
counts/sec) here, peaks that are < 0.1 % of the unreacted unsaturated fatty acid molecular ion 
intensity cannot be detected using this MS technique. The absence of acid dimer peaks in the 
mass spectrum indicates that either acid dimers are not present in these C18 unsaturated fatty acid 
particles, or the acid dimers are not efficiently ionized by the APCI ion source, or thermal 
vaporization of the aerosol dissociates these dimeric species prior to ionization. 

 
The reaction of OH with unsaturated fatty acid particles is expected to proceed via OH addition 
to the C=C double bond to form a hydroxyalkyl radical.1-6,21,22 The heterogeneous reaction of OH 
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radicals with unsaturated fatty acid particles is measured in the presence of 10 % [O2]. The mass 
spectrum of reacted linoleic acid is shown in Figure 2.3b. Upon exposure to OH radicals (~ 2.3 × 
1011 molec. cm-3 s), the linoleic acid molecular ion peak decreases in intensity and the formation 
of higher molecular weight reaction products are observed. The reaction products appear in 
groupings of 5 to 6 peaks spaced by Δm/z ~ 16 to 18. The first group of peaks is centered at m/z 
297. Based on the exact mass difference from the linoleic acid molecular ion peak, this product 
peak corresponds to the addition of one O atom and two H atoms. 

  
The appearance of higher molecular weight reaction products centered at m/z 297 can be 
explained by a reaction mechanism in which some of the hydroxyalkyl radicals abstract a H atom 
from a neighboring linoleic acid molecule to form these resulting reaction products. This 
observation of H abstraction by the radical intermediate (i.e. hydroxyalkyl radical) from the 
molecular species is consistent with previous studies on the radical-initiated oxidation of 
unsaturated organic particles.33,34 For example, from a recent study by Zhao et al.34 on the NO3 
oxidation of unsaturated fatty acid particles, there is evidence that a H atom is abstracted from a 
neighboring unsaturated fatty acid molecule by the nitroalkyl radical formed from the initial NO3 
addition to the C=C double bond. In the case of the OH oxidation of saturated organic particles, 
Ruehl et al.20 has observed evidence of intermolecular H abstraction by alkoxy radical 
intermediates in their study on the OH + squalane reaction. However inter-molecular H 
abstraction by alkyl radicals formed from the initial H atom abstraction by the OH radical is not 
observed since this reaction does not lead to a measurable loss of the molecular species. 

 
As shown in Figure 2.3b, the product peaks in each successive group (centered at m/z 313 and 
329 etc.) are separated by Δm/z ~ 16. Based on the masses of the reaction products within the 
second and third groupings of higher molecular weight reaction products, it appears that these 
groups of reaction products correspond to the multiple additions of O atoms to produce carbonyls 
and alcohols. However, it is difficult to draw quantitative conclusions about the relative 
populations of specific species (e.g. alcohols vs. ketones) within the same group of peaks based 
on the relative peak intensities in the mass spectrum, since the fragmentation patterns and 
ionization cross sections depend on the identity of the parent molecule. For simplicity, the three 
groups of higher molecular weight oxygenated reaction products are labeled as LAO, LAO2 and 
LAO3 to denote the number of oxygenated functional groups (i.e. alcohols and ketones) that are 
added to the original linoleic acid molecule, as shown in Figure 2.3b. Similar mass spectra are 
also observed for oleic acid and linolenic acid aerosol after reaction (Figures 2.4b and 2.5b), 
where the first group of higher molecular weight reaction products is separated from the 
unsaturated fatty acid molecular ion peak by Δm/z ~ 18 and the successive groups of higher 
molecular weight reaction products are separated by Δm/z ~ 16. Detailed product analysis using 
two-dimensional gas chromatography with high-resolution mass spectrometry will be discussed 
in Chapter 4.  

  
Based on the mass spectrum of reacted linoleic acid particles shown in Figure 2.3b, no peaks are 
detected above the background signal at masses larger than m/z 350. Additionally no peaks are 
observed above the background at masses larger than m/z 350 for reacted oleic acid and linolenic 
acid particles (Figures 2.4b and 2.5b). This indicates that either higher molecular weight 
oligomeric products are not formed (i.e. oligomerization reactions do not take place), or the 
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conditions in the APCI source are unfavorable for the direct detection of these higher molecular 
weight oligomeric products. 
 
As shown in Figure 2.3b, there are peaks present in the mass spectrum of reacted linoleic acid 
particles that have masses smaller than that of linoleic acid. Some of these peaks are fragments 
from the ionization of the linoleic acid parent ion as they also appear in the mass spectrum of 
unreacted linoleic acid (Figure 2.3a) and display the same kinetic behavior as the linoleic acid 
parent ion. The remaining peaks, however, follow the kinetic behavior of the higher molecular 
weight reaction products, and these are either fragments produced during the ionization of these 
higher molecular weight reaction products or are lower molecular weight products of 
fragmentation reactions that occur in parallel with functionalization reactions. Similar peaks at 
the lower masses for reacted oleic acid and linolenic acid particles are also observed (Figures 
2.4b and 2.5b). 

 
The decays in the relative intensities of the unsaturated fatty acid ion peaks in the mass spectrum 
are measured as a function of OH exposure in order to determine the effective uptake coefficient. 
For this set of measurements, the OH exposure is changed by varying the photon flux of the Hg 
lamps while keeping the reaction time and [H2O2] constant. Figure 2.6a shows the normalized 
decay curves for the three unsaturated fatty acids ([UFA]/[UFA]0) versus OH exposure in the 
presence of 10 % [O2] at 20.7 ppm [H2O2].  

 

 
Figure 2.6. (a) Normalized kinetic decay of oleic acid ( ), linoleic acid ( ) and linolenic acid ( ) 
measured as a function of OH exposure at [H2O2] = 20.7 ppm and [O2] = 10 %. The uncertainties 
represent the standard deviations of each measurement. The decay curves are fit using single exponential 

1.0

0.8

0.6

0.4

0.2

0.0

[U
FA

]/[
U

FA
] 0

4x10113210
OH exposure (molec. cm

-3
s)

(a)

6

5

4

3

2

1

0

E
ffe

ct
iv

e 
U

pt
ak

e 
C

oe
ffi

ci
en

t

43210
Number of C=C Double Bonds

(b)

 8 

 

  

Figure 5 

1.0

0.8

0.6

0.4

0.2

0.0

[U
FA

]/[
U

FA
] 0

4x10
113210

OH exposure (molec. cm
-3

s)

(a)
 Oleic acid
 Linoleic acid
 Linolenic acid 

6

5

4

3

2

1

0

E
ffe

ct
iv

e 
up

ta
ke

 c
oe

ffi
ci

en
t

43210

Number of double bonds

(b)
 UFA + OH
 UFA + NO3 
 Sqn + OH 
 DOS + OH
 PA + OH

6.4

6.2

6.0

5.8

5.6

Ef
fe

ct
iv

e 
U

pt
ak

e 
C

oe
ffi

ci
en

t

14121086420
[O2] %

(c)

4.4

4.2

4.0

3.8

3.6

Ef
fe

ct
iv

e 
U

pt
ak

e 
C

oe
ffi

ci
en

t

14121086420
[O2] %

(b) uptake_LA

7

6

5

4

3

2

1

Ef
fe

ct
iv

e 
U

pt
ak

e 
C

oe
ffi

ci
en

t

121086420
[O2] %

 8 

 

  

Figure 5 

1.0

0.8

0.6

0.4

0.2

0.0

[U
FA

]/[
U

FA
] 0

4x10
113210

OH exposure (molec. cm
-3

s)

(a)
 Oleic acid
 Linoleic acid
 Linolenic acid 

6

5

4

3

2

1

0

E
ffe

ct
iv

e 
up

ta
ke

 c
oe

ffi
ci

en
t

43210

Number of double bonds

(b)
 UFA + OH
 UFA + NO3 
 Sqn + OH 
 DOS + OH
 PA + OH



 

 27 

functions (solid lines). (b) Effective uptake coefficients of the unsaturated fatty acids ( ) expressed as a 
function of the number of C=C double bonds at [H2O2] = 20.7 ppm and [O2] = 10 %. Uptake coefficients 
measured by Zhao et al.34 for the NO3 oxidation of unsaturated fatty acids ( ) are also expressed as a 
function of the number of C=C double bonds. These two data sets are fit using a linear function mx + c 
(solid line) where m is slope and c is the y-intercept, as described in the text. Uptake coefficients 
measured by Smith et al.,13 Wilson et al.,15 and McNeill et al.10 for the OH oxidation of squalane ( ), 
dioctyl sebacate ( ), and palmitic acid ( ) are also shown. 
 
The decays of the unsaturated fatty acids’ ion signals with OH exposure are fit using an 
exponential function described by Equation 2.5. Since a fast surface reaction would result in an 
exponential decay of the particle phase unsaturated fatty acid as a function of OH exposure, the 
exponential decays confirm our original assumption that the reaction rate of the unsaturated fatty 
acid is directly proportional to the concentration of unsaturated fatty acid in the particle and the 
chemical transformation of the particle is initiated by a reaction between a OH radical and the 
unsaturated fatty acid molecular species at the particle surface. The decay constants, kUFA’s 
obtained from the exponential fits to the three decay traces, are used to compute the effective 
uptake coefficients of the three unsaturated fatty acids using Equation 2.6. The effective uptake 
coefficients for oleic acid, linoleic acid and linolenic acid measured at 10 % [O2] and 20.7 ppm 
[H2O2] are 1.72 ± 0.08, 3.75 ± 0.18 and 5.73 ± 0.14, respectively. The effective uptake 
coefficients are larger than 1, which indicates that more than one particle phase unsaturated fatty 
acid molecule is lost for every OH-particle collision, providing clear evidence for particle-phase 
secondary chain chemistry. Due to unknown amounts of secondary chemistry, the effective 
uptake coefficients reported here are not corrected for gas phase diffusion. 

 
Another possible explanation for the large effective uptake coefficients is the formation of 
particle phase OH radicals from the photolysis of H2O2 dissolved in the particle. These particle 
phase OH radicals may react with the unsaturated fatty acid molecules without escaping from the 
particle to be detected by the gas phase tracer. To evaluate the importance of this reaction 
channel, the production rate of particle phase OH radicals in an oleic acid particle is estimated. 
While the Henry’s law constant for H2O2 dissolved in an oleic acid particle is not known, the 
Henry’s law constant for H2O dissolved in an oleic acid particle is 70 M atm-1.35 Assuming that 
the Henry’s law constant for H2O2 is also ~ 70 M atm-1, there are ~ 456 H2O2 molecules in a 100 
nm diameter oleic acid particle when the concentration of gas phase H2O2 in the flow reactor is 
20.7 ppm. Under our experimental conditions (Hg lamp flux etc.), particle phase OH radicals are 
produced in a 100 nm diameter oleic acid particle at a rate of ~ 2 OH radicals s-1. In comparison, 
the collision frequency of gas phase OH radicals with the surface of a 100 nm diameter oleic acid 
particle is ~ 3300 collision s-1 when the average gas phase OH concentration in the flow reactor 
is 7 × 108 molec. cm-3. This suggests that the production rate of particle phase OH radicals in the 
particle is ~ 1700 times slower than the collision frequency of gas phase OH radicals with the 
particle surface. Since this source of particle phase OH radicals appears to be small compared to 
the gas phase source, its contribution to the reaction is expected to be minimal. It is more likely 
that particle-phase secondary chain reactions that accelerate the reactive loss of the unsaturated 
fatty acid molecules are responsible for the large effective uptake coefficients measured here. 
 
Ruehl et al.20 and Hearn et al.36 previously showed that molecular structure, thermodynamic 
phase and chemical functionality can influence the overall reactivity of organic particles. Here 
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the large effective uptake coefficients can potentially be attributed to the chemical functionality 
(i.e. carboxylic acid) and molecular structure (i.e. linear) of these acids. X-ray diffraction studies 
on liquid oleic acid by Iwahashi and coworkers reveal that the oleic acid molecules form dimers 
through hydrogen bonding of the carbonyl oxygen and the acidic hydrogen.37 By measuring the 
spacing between oleic acid molecules, Iwahashi et al. showed that these linear molecules line up 
close together and concluded that these oleic acid dimers are arranged in an orderly structure 
where the carboxylic acid groups of one dimer alternate with the terminal methyl groups of 
another dimer in the same lateral plane.37 It is possible that the unsaturated fatty acid molecules 
are oriented in a similar fashion in the particle. This proposed orientation of the unsaturated fatty 
acid molecules within the particle could explain the rapid reaction of the unsaturated fatty acid 
molecular species since the close proximity of these molecules would enhance particle-phase 
secondary chain reactions that consume the molecular species.  
 
Figure 2.6b shows how the effective uptake coefficient changes as a function of the number of 
C=C double bonds present in the unsaturated fatty acid molecule. The effective uptake 
coefficients are a linear function of the number of C=C double bonds present in the unsaturated 
fatty acid molecule with a slope of 2, which is consistent with the addition of two reactive sites 
for OH addition and subsequent secondary chemistry with every addition of a C=C double bond 
along the C18 carbon backbone. Similarly, Zhao et al.34 found that the effective uptake 
coefficients for the NO3 oxidation of unsaturated fatty acid particles increases linearly with the 
number of C=C double bonds (this data is also included in Figure 2.6b). The slope obtained by 
fitting the NO3 + unsaturated fatty acid data is 0.24. The origin of this difference between the 
slopes obtained for the OH + unsaturated fatty acid and NO3 + unsaturated fatty acid data is not 
clear but could potentially be attributed to the different secondary chain chemistry present in the 
two systems. However, based on the linear relationship between the effective uptake coefficients 
and the number of C=C double bonds in these two systems, the radical-initiated (e.g. OH and 
NO3) oxidation of unsaturated organic particles appears to be driven primarily by radical 
addition to the C=C double bond and subsequent secondary chain chemistry. 

 
Figure 2.6b also shows that the effective uptake coefficients for the OH oxidation of unsaturated 
fatty acid particles are significantly larger than those of single-component saturated organic 
particles (e.g. squalane, dioctyl sebacate and palmitic acid).10,13,15 This trend is consistent with 
monolayer studies by D’Andrea et al.,21 where the alkene monolayer reacted with OH radicals at 
a faster rate than the alkane monolayer. Despite the similar trends observed in both organic 
particles and monolayer studies, it is important to note that since the quantity of particle-phase 
secondary chemistry (i.e. chain propagation length) occurring in the OH oxidation of unsaturated 
fatty acid particles is not known, the absolute difference in the heterogeneous reaction rates of 
OH radicals with the surface of unsaturated (i.e. OH addition reactions) and saturated (i.e. H 
abstraction reactions) organic particles cannot be ascertained based solely on the measured 
effective uptake coefficients. 
 
2.3.2 Elemental Analysis 
 
The elemental composition of unsaturated fatty acid particles is measured using EI-MS to 
examine how the average chemical composition and mass of the particle change during 
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heterogeneous reaction. By measuring the changes in particle mass and elemental composition 
during oxidation, the relative importance of functionalization and fragmentation pathways can be 
determined. Figure 2.7 shows how the average number of O atoms per acid molecule evolves as 
a function of unsaturated fatty acid lifetime (τ) at 20.7 ppm [H2O2] for 10 % [O2].  
 

 
Figure 2.7. The measured number of oxygen atoms per (a) oleic acid, (b) linoleic acid, and (c) linolenic 
acid molecule, as a function of unsaturated fatty acid lifetime at [H2O2] = 20.7 ppm for [O2] = 10 %. 
Lifetime represents the number of reactive events that an average unsaturated fatty acid molecule in the 
particle has undergone. At one lifetime, the number of reactive events that consume the molecular species 
equals the number of molecules in the particle. The uncertainties represent the standard deviations of each 
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measurement. The data sets for the measured number of oxygen atoms per unsaturated fatty acid molecule 
are fit (lines) using the linear function 2 + mx (solid lines) where m is slope, as described in the text.  
 
The kinetic lifetime represents the number of reactive events that an average unsaturated fatty 
acid molecule in the particle has undergone.12,13,15 In radical-initiated heterogeneous reactions, 
these events are heterogeneous and homogeneous chain initiation and propagation reactions that 
consume the molecular species. At one lifetime, the number of reactive events equals the number 
of molecules in the particle. As shown by Smith et al., the unsaturated fatty acid lifetime can be 
expressed as,13  

τ = kUFA ⋅ 〈OH 〉t ⋅ t       (2.7) 
where kUFA is the measured rate constant and 〈OH〉t⋅t is the measured OH exposure. The average 
number of O atoms present in the unsaturated fatty acid molecule is obtained by multiplying the 
average particulate oxygen content (normalized to the initial amount of particulate oxygen) with 
the initial number of O atoms in the unsaturated fatty acid molecule (NO = 2). The average 
particulate oxygen content (the average number of O atoms in the particle phase, nO) is obtained 
by multiplying the elemental O/C ratio with the average particulate carbon content (the average 
number of C atoms in the particle phase, nC). As shown by Kroll et al., nC is computed from the 
elemental O/C and H/C ratios and aerosol mass,12  

nC =
M

12 +  16(O/C) +  (H/C)
     (2.8) 

where M is the particle mass and O/C and H/C are elemental ratios. The particle mass, which 
equals the sum of the masses of the elemental constituents in the particle (in this case, C, O and 
H), is determined from the product of the particle volume (measured by the SMPS) and the 
particle density, which is calculated from the ratio of the vacuum aerodynamic diameter 
(measured by the HR-ToF-AMS) and the mobility diameter (measured by the SMPS).12,38 The 
O/C and H/C elemental ratios are obtained by analysis of the mass spectrum recorded by the HR-
ToF-AMS.  
 
Figure 2.7 shows that the average number of O atoms in the acid molecule increases linearly 
with lifetime with slopes of 0.57 ± 0.02, 0.61 ± 0.01 and 0.73 ± 0.04 for oleic acid, linoleic acid 
and linolenic acid, respectively.  These slopes indicate that an average of 0.57 ± 0.02, 0.61 ± 0.01 
and 0.73 ± 0.04 O atoms are added per reactive loss of oleic acid, linoleic acid and linolenic acid, 
respectively. This is in contrast with previous results measured for the OH + squalane reaction, 
which yielded an average of one oxygenated functional group added per reactive loss of the 
alkane by the formation of alcohols and carbonyls.13 Here one might expect an average of two O 
atoms added per reactive loss of the acid due to the formation of diols and hydroxycarbonyls 
from the reaction between hydroxyperoxy radicals, which are generated from the hydroxyalkyl 
radical + O2 reaction. Instead the addition of less than one O atom per reactive loss of the acid 
indicates that OH addition to the C=C double bond is not the sole loss channel for the acid 
during the reaction. This suggests that the unsaturated fatty acid is consumed by other secondary 
reaction pathways that do not lead to an overall increase in the O content of the aerosol.  
 
From the mass spectra of reacted unsaturated fatty acid aerosol, one possible secondary loss 
channel of the molecular species occurs via H abstraction by hydroxyalkyl radicals generated 
from the initial OH addition to the C=C double bond of the unsaturated fatty acid molecule (i.e. 
intermolecular H abstraction). X-ray diffraction studies on liquid oleic acid by Iwahashi et al.37 
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reveal that oleic acid molecules form dimers that line up close together in the same lateral plane. 
Assuming that the acid dimers are arranged such that the carboxylic acid groups of one dimer 
alternate with the terminal methyl groups of another dimer in the same lateral plane within the 
particle, it is likely that the hydroxyalkyl radical abstracts a H atom located along the unsaturated 
fatty acid’s carbon chain.   
 
H abstraction by hydroxyalkyl radicals will result in the formation of alkyl (R) radicals. These R 
radicals could react with OH radicals or O2 to subsequently form stable reaction products with 
oxygenated functional groups. It is also possible that these R radicals (and hydroxyalkyl radicals) 
participate in chain propagation chemistry by reacting with neighboring unsaturated fatty acid 
molecules (and their reaction products) via radical addition to the C=C double bond, thus 
triggering a radical chain polymerization mechanism that rapidly consumes the molecular 
species. To evaluate the relative importance of these reaction pathways, the overall rates of the R 
+ O2 and R + C=C double bond reactions are estimated. For simplicity, only the homogeneous 
reaction of R radicals with O2 dissolved in the particle is considered. For the homogeneous R + 
O2 reaction, the time dependent change in the R radical concentration in a particle is, 

RateR+O2 =
d[R]
dt

= −kR+O2HO2[O2 ][R]      (2.9) 

where kR+O2 is the rate constant for the homogeneous R + O2 reaction and HO2 is the Henry’s law 
constant for O2 dissolved in the unsaturated fatty acid particle. While the Henry’s law constant 
for O2 in unsaturated fatty acid is not known, the Henry’s law constant for O2 dissolved in 
squalane is 0.18 (dimensionless ratio).7,39 HO2 is assigned a value of 0.18 in Equation 2.9. kR+O2 is 
set to 8.5 × 10-16 cm3 molec.-1 s-1 in Equation 2.9, similar to the kinetic parameter used by Liu et 
al.7 in their kinetic model on the Cl reaction of squalane particles in the presence of O2. For the 
homogeneous R + C=C double bond reaction, the time dependent change in the concentration of 
R radicals in a particle is, 

RateR+C=C =
d[R]
dt

= −kR+C=C[C=C][R]      (2.10) 

where kR+C=C is the rate constant for the homogeneous R + C=C double bond reaction. While the 
exact value of kR+C=C is not known from our measurements, polymer literature on radical chain 
polymerization involving alkyl radical addition to the C=C double bonds of olefins suggests that 
kR+C=C is typically in the range of 10-18 to 10-16 cm3 molec.-1 s-1.40 [C=C] is the concentration of 
C=C double bonds in the particle and is on the order of ~ 1021 molec. cm-3. For the O2 
concentrations (10 % [O2]) used in the experiments reported here, dividing RateR+C=C (Equation 
2.10) by RateR+O2 (Equation 2.9) yields, 

RateR+C=C

RateR+O2

= ~ 10 to 1000      (2.11) 

This is an upper limit estimate of the rate analysis since the heterogeneous R + O2 reaction is not 
considered here.   
 
The preceding rate analysis suggests that, for the particle size and experimental conditions used 
here, the radical chain polymerization reaction of R radicals with the C=C double bonds (i.e. 
oligomerization) of the unsaturated fatty acid molecules (and their reaction products) would be 
faster than the reaction of R radicals with O2. These proposed radical chain polymerization 
reactions could potentially accelerate the reactive loss of the unsaturated fatty acid molecular 
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species without increasing the O content of the aerosol. This reaction channel may explain the 
large effective uptake coefficients and observations that an average of less than one O atom is 
added per reactive loss of the acid. The proposed mechanism is consistent with a previous study 
by D’Andrea et al.21 on the OH + alkene monolayer reaction in the absence of O2 where 
chemical changes in the alkene monolayer is attributed to radical chain polymerization leading to 
the formation of cross-linked polymeric alcohols. The formation of polymers induced by the 
reaction of unsaturated organic compounds is not new, and it has been observed previously in 
condensed phase reactions.41,42 Unfortunately, polymeric reaction products are not observed in 
the mass spectra of reacted unsaturated fatty acid particles, suggesting that the conditions in the 
APCI source may be unfavorable for the detection of such polymers. 
 

 
Figure 2.8. Aerosol mass measurements (normalized to the initial mass per unreacted particle) of (a) oleic 
acid, (b) linoleic acid, and (c) linolenic acid, as a function of OH exposure at [H2O2] = 20.7 ppm for [O2] 
= 10 %. The uncertainties represent the standard deviations of each measurement. The measured data are 
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compared with the particle mass predictions (dashed lines) based on measurements that an average of 
0.57, 0.61 and 0.73 O atoms are added per reactive loss of oleic acid, linoleic acid and linolenic acid, 
respectively, as described in the text. The degree of particle volatilization is the difference between the 
measured particle mass and the predicted mass (arrows).   
 
2.3.3 Effective Uptake Coefficient vs. [O2], [H2O2] and [OH] 
 
The effective uptake coefficients of oleic acid, linoleic acid and linolenic acid are measured at 
different O2, H2O2 and OH concentrations to determine how they influence the secondary chain 
chemistry. Figure 2.9 shows the effective uptake coefficients of the unsaturated fatty acid 
particles as a function of [O2] in the flow reactor at 20.7 ppm [H2O2]. For each unsaturated fatty 
acid, the effective uptake coefficient decreases before leveling off when [O2] is increased. The 
effective uptake coefficients of oleic acid, linoleic acid and linolenic acid are found to be 2.10 ± 
0.10, 4.13 ± 0.07 and 6.21 ± 0.17, respectively at 0 % [O2], and decrease to 1.72 ± 0.08, 3.75 ± 
0.18 and 5.73 ± 0.14, respectively at 10 % [O2].  
 

 
Figure 2.9. Effective uptake coefficients as a function of [O2] for oleic acid (OA, ), linoleic acid (LA, 

) and linolenic acid (LNA, ) at [H2O2] = 20.7 ppm. The uncertainties represent the standard 
deviations of individual measurements made at each [O2]. 
 
The decrease in the effective uptake coefficient with increasing [O2] is similar to the trend 
observed by Liu and coworkers in their study on the Cl reaction of squalane particles.7 The 
decrease in the effective uptake coefficient with increasing [O2] is due to the secondary chain 
chemistry being controlled by the competitive reaction rates of squalane alkyl radicals with O2 
and the radical precursor Cl2. In the absence of O2, squalane alkyl radicals react with Cl2 to 
produce chlorinated reaction products and a Cl atom, which propagates the particle-phase 
secondary chain chemistry. This resulted in an increase in the depletion rate of the squalane 
molecular species and a corresponding increase in the effective uptake coefficient. When 
increasing amounts of O2 are added to the reaction, the effective uptake coefficient decreases as 
the chain reaction slows since the squalane alkyl radicals react instead with O2 to form peroxy 
radicals that subsequently react with other peroxy radicals to form terminal oxygenated products 
(i.e. chain termination). 
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Since the unsaturated fatty acid effective uptake coefficients decrease with increasing [O2], this 
suggests that the amount of particle-phase secondary chain chemistry in the OH reaction of 
unsaturated fatty acid particles is also controlled by [O2]. In the absence of O2, it is possible that 
the hydroxyalkyl radical formed from the initial OH addition to the C=C double bond 
participates in chain propagation, thus resulting in an increase in the reactive depletion rate of the 
unsaturated fatty acid molecular species and a corresponding increase in the effective uptake 
coefficient. When increasing amounts of O2 are added to the reaction, the chain reaction slows 
since the hydroxyalkyl radicals can react instead with O2 to form hydroxyperoxy radicals, which 
can react with another hydroxyperoxy radical to form terminal reaction products (i.e. chain 
termination). Therefore the inverse relationship between the effective uptake coefficients and 
[O2] in the OH reaction of unsaturated fatty acid particles appears to be the result of competitive 
reaction rates between chain propagation and termination reactions. 
 
Liu et al.7 and Renbaum et al.43 demonstrated that the radical precursor itself can act as a chain 
propagator or inhibitor that enhances or arrests reaction rates, respectively. To determine how the 
radical precursor H2O2 influences reaction rates in the OH reaction of unsaturated fatty acid 
particles, the effective uptake coefficients of the unsaturated fatty acid particles are measured as 
a function of [H2O2]. Figure 2.10 shows the effective uptake coefficients of oleic acid, linoleic 
acid and linolenic acid as a function of [H2O2] at 10 % [O2]. The effective uptake coefficients of 
oleic acid, linoleic acid and linolenic acid are found to be 2.71 ± 0.17, 5.37 ± 0.24 and 7.51 ± 
0.46, respectively at 1.21 ± 0.23 ppm [H2O2], and decrease to 1.72 ± 0.19, 3.66 ± 0.18 and 5.44 ± 
0.39, respectively at 42.40 ± 1.35 ppm [H2O2]. 
 

 
Figure 2.10. Effective uptake coefficients as a function of [H2O2] for oleic acid (OA, ), linoleic acid 
(LA, ) and linolenic acid (LNA, ) at [O2] = 10 %. The uncertainties represent the standard deviations 
of individual measurements made at each [H2O2]. 
 
Although there is clear evidence that the radical precursor Cl2 participates in chain propagation 
in the Cl reaction of squalane particles,7 the chain propagation steps and the role of the radical 
precursor H2O2 in the chemistry of the OH + unsaturated fatty acid reaction is less apparent. The 
decrease in the effective uptake coefficient with increasing concentrations of the radical 
precursor H2O2 is different from the trend observed by Liu et al. in their study of the Cl reaction 
of squalane particles,7 where the radical precursor Cl2 acts as a chain propagator causing the 
effective uptake coefficient to increase with [Cl2]. Instead, this inverse relationship between the 
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effective uptake coefficient and [H2O2] is more similar to that observed by Renbaum et al. in 
their study of the OH reaction of 2-octyldodecanoic acid particles,43 where the effective uptake 
coefficient decreases with increasing concentrations of the radical precursor O3. In that study, the 
effective uptake coefficients are described by a Langmuir-type isotherm, thus suggesting that O3 
impedes the OH reaction of 2-octyldodecanoic acid particles by adsorbing to the particle surface 
and blocking OH reaction sites at the particle surface. This causes the reaction rate to decrease 
with increasing [O3]. Analogous to the OH reaction of 2-octyldodecanoic acid particles,43 it is 
possible that H2O2 adsorbs to the unsaturated fatty acid particle surface and blocks OH reaction 
sites at the particle surface. As a result, the OH reaction of unsaturated fatty acid particles is 
slowed, thus causing the effective uptake coefficient to decrease with increasing [H2O2].  
 
Since H2O2 is the radical precursor in this system, it is also possible that the relationship between 
the effective uptake coefficient and [H2O2] is correlated with the relationship between the 
effective uptake coefficient and absolute [OH]. To determine how the secondary chain chemistry 
depends on the absolute [OH] in the flow reactor, the effective uptake coefficients of the 
unsaturated fatty acid particles are measured as a function of absolute [OH]. Effective uptake 
coefficients are measured at fixed [H2O2] and [OH] by changing the reaction time, and hence OH 
exposure, using an opaque curtain as described in section 2.2. Figure 2.11 shows the effective 
uptake coefficients of the unsaturated fatty acid particles as a function of [OH] at 20.7 ppm 
[H2O2] for 10 % [O2]. For each unsaturated fatty acid, the effective uptake coefficient decreases 
when the absolute [OH] in the flow reactor increases. 
  

 
Figure 2.11. Effective uptake coefficients as a function of absolute [OH] for oleic acid (OA, ), linoleic 
acid (LA, ) and linolenic acid (LNA, ) at [H2O2] = 20.7 ppm and [O2] = 10 %. The uncertainties 
represent the standard deviations of individual measurements made at each absolute [OH].  
 
The inverse relationship between the effective uptake coefficient and the absolute [OH] is similar 
to that observed by Slade et al.44 in their study of the reaction of OH radicals with levoglucosan, 
adietic acid, and nitroguaiacol solid substrates. In that study, the decrease in the effective uptake 
coefficients with increasing [OH] is explained by a Langmuir-Hinshelwood model, which 
suggests that OH radicals collide and adsorb to the solid substrate surface before reacting. It is 
currently unclear how this mechanism can be applied to a liquid particle where the surface is 
continuously replenished with unreacted unsaturated fatty acid molecules. 
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Alternatively, since particle-phase secondary chain chemistry is present in this system, chain 
termination reactions involving OH radicals could explain the inverse relationship between the 
effective uptake coefficient and the absolute [OH]. In their study of the Cl reaction of squalane 
particles, Liu et al. found that the effective uptake coefficient decreases with increasing absolute 
[Cl].7 The inverse relationship between the effective uptake coefficient and the absolute [Cl] is 
explained by the presence of chain termination reactions between two Cl atoms, as well as chain 
termination reactions between Cl atoms and squalane alkyl radicals. These chain termination 
reactions, which consume Cl atoms that would otherwise react with the squalane molecular 
species, compete with chain propagation reactions, thus slowing the chain reaction down and 
causing the effective uptake coefficient to decrease with increasing absolute [Cl]. Since our 
results also show that the effective uptake coefficient decreases with increasing absolute [OH], 
this suggests that chain termination reactions involving OH radicals could be responsible for the 
inverse relationship between the effective uptake coefficient and absolute [OH]. 
 
2.3.4 Reaction Mechanism 
 
Figure 2.12 shows a reaction scheme for the OH oxidation of unsaturated fatty acid particles. 
  

 
Figure 2.12. Proposed reaction scheme for the OH oxidation of unsaturated fatty acid (UFA) particles. 
The letters s and p denote surface and particle phase reactions, respectively. R represents the generic 
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alkyl radical formed by the abstraction of a hydrogen atom from an UFA molecule. The number of O 
atoms added to the unsaturated fatty acid molecule for the various reaction pathways are also shown. 
 
It is important to note that several of the reaction pathways shown in Figure 2.12 can occur at the 
particle surface (denoted as s in Figure 2.12) as well as within the particle (denoted as p in Figure 
2.12). For example, hydroxyalkyl radicals generated from the initial OH addition to the C=C 
double bond (R1 in Figure 2.12), can react homogeneously with O2 dissolved in the particle via 
R4p in Figure 2.12. Alternatively, the hydroxyalkyl radicals can react with O2 heterogeneously 
through a reactive gas phase collision of O2 at the particle surface via R4s in Figure 2.12.  
 
R1s is the heterogeneous reaction of a gas phase OH radical with an unsaturated fatty acid 
molecule at the particle surface that initiates the chemistry in the particle. Based on the reaction 
scheme shown in Figure 2.12, chain propagation occurs through two possible chain cycling 
mechanisms. The first chain cycling mechanism occurs via R2p, where the hydroxyalkyl radical 
abstracts a H atom from a neighboring unsaturated fatty acid molecular species in the particle to 
produce a R radical and a stable reaction product with one additional oxygenated functional 
group. This channel would explain the formation of the LAO product peak shown for reacted 
linoleic acid aerosol in Figure 2.3b, as well as the OAO and LNAO product peaks shown for 
reacted oleic acid and linolenic acid aerosol in Figure 2.4b and Figure 2.5b, respectively. 
The R radical formed in R2p may react with OH to form a stable reaction product with an 
alcohol functional group. Alternatively, the R radical may form a peroxy radical in the presence 
of O2, which can then react via a number of reaction pathways (e.g. self-reaction) to 
subsequently form stable reaction products with oxygenated functional groups (not shown in 
Figure 2.12). However, given that an average of less than one O atom is added per reactive loss 
of the acid (section 2.3.2), this suggests that the R + OH and R + O2 reactions are not the sole 
reaction channels. As discussed in section 2.3.2, it is possible that the R radical reacts with a 
neighboring unsaturated fatty acid molecule via radical addition to the C=C double bond. This 
reaction channel may potentially accelerate the reactive loss of the molecular species without 
increasing the O content of the aerosol. 
  
The second chain cycling mechanism is proposed to occur via R9p in the presence of O2. The 
hydroxyalkyl radical reacts heterogeneously (R4s) and homogeneously (R4p) with O2 to form a 
hydroxyperoxy radical. As shown previously in condensed phase studies by Ingold et al.45 and 
von Sonntag et al.,46,47 the hydroxyperoxy radical can react with another hydroxyperoxy radical 
to form a tetroxide intermediate, which can rapidly dissociate to form hydroxyalkoxy radicals 
(R7p). The hydroxyalkoxy radical can then abstract a H atom from a neighboring unsaturated 
fatty acid molecular species in the particle to produce a stable reaction product with two added 
oxygenated functional groups and a R radical (R9p), which can participate in chain propagation 
chemistry. 
 
Based on the reaction scheme shown in Figure 2.12, there are a number of reaction pathways that 
produces stable reaction products. One such reaction pathway occurs via R3s, where the 
hydroxyalkyl radical reacts heterogeneously with a gas phase OH radical to generate stable di-
alcohol reaction products. This chain termination reaction pathway, which consumes OH radicals 
that would otherwise react with the unsaturated fatty acid molecular species, competes with 
chain propagation reactions, thus slowing the chain reaction down and causing the effective 
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uptake coefficient to decrease with increasing absolute [OH]. Alternatively, in the presence of 
O2, the hydroxyalkyl radical can react heterogeneously (R4s) and homogeneously (R4p) with O2 
to form a hydroxyperoxy radical, which can subsequently react with another hydroxyperoxy 
radical to form a tetroxide intermediate.45-47 The tetroxide intermediate can dissociate to form 
two stable hydroxycarbonyl reaction products via R5p (i.e. Bennett-Summers mechanism) or 
stable di-alcohol and hydroxycarbonyl reaction products via R6p (i.e. Russell mechanism).45-48 
The tetroxide intermediate can also dissociate to form hydroxyalkoxy radicals (R7p).45-47 The 
hydroxyalkoxy radical can then dissociate via C-C bond cleavage (R8p) to form stable lower 
molecular weight oxidation products with higher vapor pressures. This reaction channel 
increases the overall vapor pressure of the particle and may result in particle volatilization. 
 
Based on the reaction scheme shown in Figure 2.12, reactions R2p, R3s, R5p, R6p and R9p 
produce stable higher molecular weight reaction products and are responsible for the addition of 
polar oxygenated functional groups to the unsaturated fatty acid particle with no change in the 
particulate carbon content (i.e. functionalization). These reactions are responsible for the increase 
in average particle mass at early OH exposures shown in Figure 2.8. Conversely, R8p produces 
lower molecular weight reaction products via C-C bond cleavage along the carbon skeleton (i.e. 
fragmentation). These lower molecular weight reaction products have a higher vapor pressure 
than the unsaturated fatty acid molecular species and may evaporate from the particle. Since 
Figure 2.8 shows that the average particle mass starts to decrease at higher OH exposures, this 
implies that R8p becomes increasingly important as the particle gets more oxidized. 
 
It should be noted that the reaction scheme shown in Figure 2.12 is only applicable to the 
multigenerational formation of reaction products formed via OH addition to the C=C double 
bond. Once all the C=C double bonds present in the organic particle have reacted, further OH 
oxidation of the organic particle is expected to take place via H abstraction by the OH radical, 
and the reaction scheme is expected to mirror that of the OH oxidation of saturated organic 
particles (not shown). 
 
2.3.5 Kinetic Evolution of the Unsaturated Fatty Acids and their 
Higher Molecular Weight Oxidation Products 
 
The kinetic evolution of the unsaturated fatty acids and their higher molecular weight reaction 
products are measured as a function of OH exposure to determine how the reactivity of the 
unsaturated fatty acids differs from their reaction products. In contrast to the radical-initiated 
oxidation of single-component saturated organic particles where the kinetic evolution of the 
parent compound and its reaction products can be reasonably represented using a single rate 
constant,7,9,13,15 the unsaturated fatty acids are expected to react significantly faster than their 
reaction products. This is because the reactivity of the unsaturated fatty acid towards OH radicals 
and secondary chain chemistry will be diminished as the C=C double bonds present in the C18 
acid are consumed (and are replaced by C-C bonds). This is shown in Figure 2.6b, where the 
effective uptake coefficient of the unsaturated fatty acids decreases dramatically with each 
removal of a C=C double bond (and replacing it with a C-C bond). 
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The kinetic evolution of linoleic acid and its first two groups of higher molecular weight 
oxygenated reaction products (LAO and LAO2 in Figure 2.3b) and the average number of O 
atoms per linoleic acid molecule versus OH exposure measured at 20.7 ppm [H2O2] for 10 % 
[O2] are shown in Figure 2.13. Based on the reaction scheme shown in Figure 2.12, LAO is made 
up solely of first generation reaction products formed from reaction R2p. In contrast, LAO2 
contains both first and second generation reaction products since these product peaks contain 
first generation reaction products formed from reactions R3s, R5p, R6p and R9p, and second 
generation reaction products formed from the reaction of LAO with OH radicals.  
 
The kinetic evolution of LAO and LAO2 is compared with calculations based upon gas phase 
structure-activity relationships (SAR)49 to identify similarities and/or differences between 
heterogeneous and gas phase reaction rates. For simplicity, the first and second generation higher 
molecular weight products of linoleic acid are assumed to have one and no C=C double bond(s), 
respectively, in the SAR calculations. The predicted reaction rates of these higher molecular 
weight products (relative to that of linoleic acid) are calculated based solely on the number and 
type of reaction sites (e.g. number of C=C bonds) present in these products. For simplicity, the 
reaction rates of all the secondary chain reactions are assumed to scale proportionately with the 
number and type of reaction sites present in these products in the SAR calculations. SAR 
calculations49 predict that the first and second generation products of linoleic acid react at rates 
that are ~ 40 and ~ 80 % slower than linoleic acid, respectively. A kinetic model is used to 
simulate these SAR predictions of the kinetic evolution of linoleic acid, LAO and LAO2 (shown 
as solid lines in Figure 2.13). 
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Figure 2.13. The kinetic evolution of (a) linoleic acid (LA), (b) LAO and (c) LAO2 as a function of OH 
exposure at [H2O2] = 20.7 ppm for [O2] = 10 %. In panel (a), the decay of linoleic acid is fit using Eq. (3) 
to obtain kLA (solid line). In panels (b) and (c), the LAO and LAO2 data sets are fit (dashed lines) using 
kLA’ (i.e. kLA’ = 0.4 × kLA) as described in the text. The solid lines in panels (b) and (c) are model 
predictions calculated using SAR, which serve as a comparison to the measured product evolutions. (d) 
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Average number of oxygen atoms per linoleic acid molecule as a function of OH exposure at [H2O2] = 
20.7 ppm for [O2] = 10 %. The uncertainties represent the standard deviations of individual measurements 
made at each OH exposure. The measured data are compared with predictions (dashed line) using kLA’ and 
the assumption that first generation higher molecular weight oxygenated reaction products with one and 
two added oxygenated functional groups are formed with equal probability.  
 
As shown in Figures 2.13b and 2.13c, SAR predicts that LAO and LAO2 would peak at OH 
exposures ~ 8.8 × 1010 and ~ 1.9 × 1011 molec. cm-3 s, respectively. Since the LAO and LAO2 
products peak at OH exposures larger than those predicted by SAR, this indicates that LAO and 
LAO2 are formed and react at much slower rates than that predicted by SAR calculations. 
 
The deviation in the kinetic evolution of LAO and LAO2 from SAR predictions can be explained 
by differences between the gas-particle interface and a homogeneous gas phase environment. In 
addition, the presence of particle-phase secondary chain reactions that accelerate the reactive 
depletion rate of the unsaturated fatty acid molecular species without forming higher molecular 
weight oxygenated reaction products can also contribute to these deviations. The high molecular 
density in the organic particle may enhance these radical chain cycling mechanisms, resulting in 
LAO and LAO2 being formed at slower rates than that predicted by SAR. 
 
To approximate the formation and reaction rates of LAO and LAO2 relative to the reaction rate 
of linoleic acid, the kinetic evolution of LAO and LAO2 is represented using a rate constant 
(kLA’) that is smaller than the measured rate constant (kLA) for linoleic acid. For simplicity, the 
formation and reaction rate coefficients of both first and second generation products of linoleic 
acid are assumed to be kLA’. Model fits to the LAO and LAO2 experimental data using kLA’ are 
shown as dashed lines in Figures 2.13b and 2.13c. By using a rate constant that is 60 ± 5 % 
slower than kLA (i.e. kLA’ = 0.4 ± 0.05 × kLA), the kinetic behavior of LAO and LAO2 is captured 
by kLA’, as shown in Figures 2.13b and 2.13c, respectively.  
 
To reconcile the kinetic evolution of the higher molecular weight oxygenated reaction products 
with the particulate oxygen content, the average number of O atoms per linoleic acid molecule is 
compared with model predictions in Figure 2.13d. The model predictions (shown as a dashed 
line in Figure 2.13d) are calculated using kLA’ and the assumption that first generation higher 
molecular weight oxygenated reaction products with one and two added oxygenated functional 
groups are formed with equal probability. As shown in Figure 2.13d, the predicted particulate 
oxygen content calculated using kLA’ fits the experimental data well. Since kLA’ represents the 
kinetic evolution of LAO, LAO2 and the particulate oxygen content experimental data well, this 
indicates that the formation and reaction of early generations of higher molecular weight 
products occur at rates 60 ± 5 % slower than the reactive depletion of linoleic acid. 
   
Similar calculations are performed on the kinetic evolution of oleic acid and linolenic acid and 
their first two groups of higher molecular weight reaction products and particulate oxygen 
content. In Figure 2.14, the kinetic evolution of oleic acid and its first two groups of higher 
molecular weight oxygenated reaction products (OAO and OAO2) are compared with SAR 
calculations49 (shown as solid lines in Figure 2.14). SAR predicts that OAO and OAO2 react at 
rates ~ 70 % slower than oleic acid. As shown in Figure 2.14, the SAR calculations do not 
capture the behavior of OAO and OAO2 completely. Instead, a rate constant that is 62 ± 3 % 
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slower than kOA (i.e. kOA’ = 0.38 ± 0.03 × kOA) is needed to account for the kinetic evolution of 
OAO and OAO2 and average number of O atoms per oleic acid molecule (shown as dashed lines 
in Figure 2.14).  
 
In Figure 2.15, the kinetic evolution of linolenic acid and its first two groups of higher molecular 
weight oxygenated reaction products (LNAO and LNAO2) are compared with SAR 
calculations49 (shown as solid lines in Figure 2.15), which predict that the first and second 
generation products of linolenic acid react at rates ~ 30 and ~ 60 % slower than linolenic acid, 
respectively. The SAR calculations do not capture the behavior of LNAO and LNAO2 
completely, and a rate constant that is 54 ± 8 % slower than kLNA (i.e. kLNA’ = 0.46 ± 0.08 × kLNA) 
is needed to account for the kinetic evolution of LNAO and LNAO2 and average number of O 
atoms per linolenic acid molecule (shown as dashed lines in Figure 2.15) instead.  
 
Together these measurements provide further evidence that the reactivity of the unsaturated fatty 
acid and their reaction products cannot be determined by simple gas phase SAR due to 
differences between the gas-particle interface and a homogeneous gas phase environment, and 
the presence of particle-phase secondary chain chemistry. In addition, the unsaturated fatty acids 
are found to react significantly faster with OH than their reaction products. 
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Figure 2.14. The kinetic evolution of (a) oleic acid (OA), (b) OAO and (c) OAO2 as a function of OH 
exposure at [H2O2] = 20.7 ppm for [O2] = 10 %. In panel (a), the decay of oleic acid is fit using Eq. (3) to 
obtain kOA (solid line). In panels (b) and (c), the OAO and OAO2 data sets are fit (dashed lines) using kOA’ 
(i.e. kOA’ = 0.38 × kOA) as described in the text. The solid lines in panels (b) and (c) are model predictions 
calculated using SAR, which serve as a comparison to the measured product evolutions. (d) Average 
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number of oxygen atoms per oleic acid molecule as a function of OH exposure at [H2O2] = 20.7 ppm for 
[O2] = 10 %. The uncertainties represent the standard deviations of individual measurements made at each 
OH exposure. The measured data are compared with predictions (dashed line) using kOA’ and the 
assumption that first generation higher molecular weight oxygenated reaction products with one and two 
added oxygenated functional groups are formed with equal probability.  
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Figure 2.15. The kinetic evolution of (a) linolenic acid (LNA), (b) LNAO and (c) LNAO2 as a function of 
OH exposure at [H2O2] = 20.7 ppm for [O2] = 10 %. In panel (a), the decay of linolenic acid is fit using 
Eq. (3) to obtain kLNA (solid line). In panels (b) and (c), the LNAO and LNAO2 data sets are fit (dashed 
lines) using kLNA’ (i.e. kLNA’ = 0.46 × kLNA) as described in the text. The solid lines in panels (b) and (c) are 
model predictions calculated using SAR, which serve as a comparison to the measured product 
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evolutions. (d) Average number of oxygen atoms per linolenic acid molecule as a function of OH 
exposure at [H2O2] = 20.7 ppm for [O2] = 10 %. The uncertainties represent the standard deviations of 
individual measurements made at each OH exposure. The measured data are compared with predictions 
(dashed line) using kLNA’ and the assumption that first generation higher molecular weight oxygenated 
reaction products with one and two added oxygenated functional groups are formed with equal 
probability.  
 
2.4 Conclusions 
 
The heterogeneous reaction of OH radicals, in the presence of H2O2 and O2, with submicron 
unsaturated fatty acid particles is examined using aerosol mass spectrometry to explore how 
surface OH addition reactions initiate chain reactions that rapidly transform the chemical 
composition of an organic particle. The effective uptake coefficients for oleic acid, linoleic acid 
and linolenic acid are found to be 1.72 ± 0.08, 3.75 ± 0.18 and 5.73 ± 0.14, respectively, in the 
presence of 20.7 ppm [H2O2] at 10 % [O2.]. Since the effective uptake coefficients of the 
unsaturated fatty acids are larger than one, this provides clear evidence for particle-phase 
secondary chain chemistry. The effective uptake coefficient increases linearly with the number 
of C=C double bonds in the unsaturated fatty acid molecule, indicating that the chain chemistry 
is initiated by OH addition to the C=C double bond.  
 
Elemental mass spectrometric analysis reveals that functionalization occurs via the addition of, 
on average, 0.57 ± 0.02, 0.61 ± 0.01 and 0.73 ± 0.04 O atoms per reactive loss of oleic acid, 
linoleic acid and linolenic acid, respectively, indicating that OH addition to the C=C double bond 
is not the sole reaction pathway that consumes the molecular species. This reveals the presence 
of secondary chain reactions that consume the particle phase molecular species without adding 
oxygenated functional groups to the particle. Despite the presence of such secondary chain 
reactions, the oxidative transformation of the unsaturated fatty acid particle’s average particle 
mass and chemical composition is controlled by functionalization reactions at the initial stages of 
oxidation, with fragmentation reactions being a minor reaction channel. However, volatilization 
becomes an increasingly important loss channel for particulate organic matter at high OH 
exposures, where the aerosol contains an increasing fraction of oxygenated functional groups. 
 
The effective uptake coefficients of the unsaturated fatty acid particles are also found to be 
dependent on [O2], [H2O2] and [OH] in the flow reactor. For each unsaturated fatty acid, the 
effective uptake coefficient decreases before leveling off when [O2] in the flow reactor is 
increased. When [H2O2] in the flow reactor is increased, the effective uptake coefficient 
decreases. In addition, the effective uptake coefficient is found to decrease when the absolute 
[OH] in the flow reactor is increased. This correlation between the effective uptake coefficient 
and [O2] and [OH] arises from the competitive rates of chain propagation and termination 
reactions. The correlation between the effective uptake coefficient and [H2O2] can be attributed 
to H2O2 adsorbing to the particle surface and blocking reaction sites at the particle surface. These 
results demonstrate that for heterogeneous reactions involving secondary chain chemistry, 
reaction rates depend sensitively on the concentrations of species that act as radical initiators, 
chain propagators and terminators in the free radical chain reactions. Chapter 3 will discuss how 
molecular structure and chemical functionality influence reaction rates and mechanisms in the 
heterogeneous OH-initiated oxidation of unsaturated organic aerosol. 



 

 47 

2.5 References 
  
(1) Atkinson, R. Journal of Physical and Chemical Reference Data 1994, R1-R216. 
(2) Atkinson, R. Journal of Physical and Chemical Reference Data 1997, 26, 215-290. 
(3) Atkinson, R.; Arey, J. Chemical Reviews 2003, 103, 4605-4638. 
(4) Boyd, A. A.; Lesclaux, R. International Journal of Chemical Kinetics 1997, 29, 323-331. 
(5) Boyd, A. A.; Lesclaux, R.; Jenkin, M. E.; Wallington, T. J. Journal of Physical Chemistry 
1996, 100, 6594-6603. 
(6) Boyd, A. A.; Villenave, E.; Lesclaux, R. Atmospheric Environment 2003, 37, 2751-2760. 
(7) Liu, C. L.; Smith, J. D.; Che, D. L.; Ahmed, M.; Leone, S. R.; Wilson, K. R. Physical 
Chemistry Chemical Physics 2011, 13, 8993-9007. 
(8) Moise, T.; Rudich, Y. Geophysical Research Letters 2001, 28, 4083-4086. 
(9) Che, D. L.; Smith, J. D.; Leone, S. R.; Ahmed, M.; Wilson, K. R. Physical Chemistry 
Chemical Physics 2009, 11, 7885-7895. 
(10) McNeill, V. F.; Yatavelli, R. L. N.; Thornton, J. A.; Stipe, C. B.; Landgrebe, O. 
Atmospheric Chemistry and Physics 2008, 8, 5465-5476. 
(11) George, I. J.; Abbatt, J. P. D. Nature Chemistry 2010, 2, 713-722. 
(12) Kroll, J. H.; Smith, J. D.; Che, D. L.; Kessler, S. H.; Worsnop, D. R.; Wilson, K. R. 
Physical Chemistry Chemical Physics 2009, 11, 8005-8014. 
(13) Smith, J. D.; Kroll, J. H.; Cappa, C. D.; Che, D. L.; Liu, C. L.; Ahmed, M.; Leone, S. R.; 
Worsnop, D. R.; Wilson, K. R. Atmospheric Chemistry and Physics 2009, 9, 3209-3222. 
(14) Kroll, J. H.; Donahue, N. M.; Jimenez, J. L.; Kessler, S. H.; Canagaratna, M. R.; Wilson, K. 
R.; Altieri, K. E.; Mazzoleni, L. R.; Wozniak, A. S.; Bluhm, H.; Mysak, E. R.; Smith, J. D.; 
Kolb, C. E.; Worsnop, D. R. Nature Chemistry 2011, 3, 133-139. 
(15) Wilson, K. R.; Smith, J. D.; Kessler, S. H.; Kroll, J. H. Physical Chemistry Chemical 
Physics 2012, 14, 1468-1479. 
(16) George, I. J.; Vlasenko, A.; Slowik, J. G.; Broekhuizen, K.; Abbatt, J. P. D. Atmospheric 
Chemistry and Physics 2007, 7, 4187-4201. 
(17) Kessler, S. H.; Nah, T.; Daumit, K. E.; Smith, J. D.; Leone, S. R.; Kolb, C. E.; Worsnop, D. 
R.; Wilson, K. R.; Kroll, J. H. Journal of Physical Chemistry A 2012, 116, 6358-6365. 
(18) Kessler, S. H.; Smith, J. D.; Che, D. L.; Worsnop, D. R.; Wilson, K. R.; Kroll, J. H. 
Environmental Science & Technology 2010, 44, 7005-7010. 
(19) Hearn, J. D.; Smith, G. D. Geophysical Research Letters 2006, 33. 
(20) Ruehl, C. R.; Nah, T.; Isaacman, G.; Worton, D. R.; Chan, A. W. H.; Kolesar, K. R.; Cappa, 
C. D.; Goldstein, A. H.; Wilson, K. R. Journal of Physical Chemistry A 2013, 117, 3990-4000. 
(21) D'andrea, T. M.; Zhang, X.; Jochnowitz, E. B.; Lindeman, T. G.; Simpson, C. J. S. M.; 
David, D. E.; Curtiss, T. J.; Morris, J. R.; Ellison, G. B. Journal of Physical Chemistry B 2008, 
112, 535-544. 
(22) Moussa, S. G.; Finlayson-Pitts, B. J. Physical Chemistry Chemical Physics 2010, 12, 9419-
9428. 
(23) Ball, M. C.; Massey, S. Thermochimica Acta 1995, 261, 95-106. 
(24) Warscheid, B.; Hoffmann, T. Rapid Communications in Mass Spectrometry 2002, 16, 496-
504. 
(25) Aiken, A. C.; DeCarlo, P. F.; Jimenez, J. L. Analytical Chemistry 2007, 79, 8350-8358. 



 

 48 

(26) Aiken, A. C.; Decarlo, P. F.; Kroll, J. H.; Worsnop, D. R.; Huffman, J. A.; Docherty, K. S.; 
Ulbrich, I. M.; Mohr, C.; Kimmel, J. R.; Sueper, D.; Sun, Y.; Zhang, Q.; Trimborn, A.; 
Northway, M.; Ziemann, P. J.; Canagaratna, M. R.; Onasch, T. B.; Alfarra, M. R.; Prevot, A. S. 
H.; Dommen, J.; Duplissy, J.; Metzger, A.; Baltensperger, U.; Jimenez, J. L. Environmental 
Science & Technology 2008, 42, 4478-4485. 
(27) DeCarlo, P. F.; Kimmel, J. R.; Trimborn, A.; Northway, M. J.; Jayne, J. T.; Aiken, A. C.; 
Gonin, M.; Fuhrer, K.; Horvath, T.; Docherty, K. S.; Worsnop, D. R.; Jimenez, J. L. Analytical 
Chemistry 2006, 78, 8281-8289. 
(28) Jayne, J. T.; Leard, D. C.; Zhang, X. F.; Davidovits, P.; Smith, K. A.; Kolb, C. E.; Worsnop, 
D. R. Aerosol Science and Technology 2000, 33, 49-70. 
(29) Atkinson, R. Atmospheric Chemistry and Physics 2003, 3, 2233-2307. 
(30) Rudich, Y.; Donahue, N. M.; Mentel, T. F. Annual Review of Physical Chemistry 2007, 58, 
321-352. 
(31) Docherty, K. S.; Ziemann, P. J. Journal of Physical Chemistry A 2006, 110, 3567-3577. 
(32) Hoffmann, T.; Bandur, R.; Hoffmann, S.; Warscheid, B. Spectrochimica Acta Part B-
Atomic Spectroscopy 2002, 57, 1635-1647. 
(33) Lee, L.; Wooldridge, P.; Nah, T.; Wilson, K.; Cohen, R. Physical Chemistry Chemical 
Physics 2013, 15, 882-892. 
(34) Zhao, Z. J.; Husainy, S.; Stoudemayer, C. T.; Smith, G. D. Physical Chemistry Chemical 
Physics 2011, 13, 17809-17817. 
(35) Morris, J. W. Chemical Kinetics and Microphysics of Atmospheric Aerosols. Ph.D. Thesis, 
Boston College, Chestnut Hill, MA, 2002. 
(36) Hearn, J. D.; Lovett, A. J.; Smith, G. D. Physical Chemistry Chemical Physics 2005, 7, 501-
511. 
(37) Iwahashi, M.; Kasahara, Y.; Matsuzawa, H.; Yagi, K.; Nomura, K.; Terauchi, H.; Ozaki, Y.; 
Suzuki, M. Journal of Physical Chemistry B 2000, 104, 6186-6194. 
(38) DeCarlo, P. F.; Slowik, J. G.; Worsnop, D. R.; Davidovits, P.; Jimenez, J. L. Aerosol 
Science and Technology 2004, 38, 1185-1205. 
(39) Vasenkov, S. V.; Bagryansky, V. A.; Korolev, V. V.; Tolkatchev, V. A. Radiation Physics 
and Chemistry 1991, 38, 191-197. 
(40) Odian, G. Principles of Polymerization; John Wiley & Sons, Inc.: New Jersey, 2004. 
(41) Bhardwaj, Y. K.; Mohan, H.; Sabharwal, S.; Majali, A. B. Radiation Physics and Chemistry 
2000, 58, 373-385. 
(42) Kumar, V.; Bhardwaj, Y. K.; Sabharwal, S.; Mohan, H. Journal of Radiation Research 
2003, 44, 161-169. 
(43) Renbaum, L. H.; Smith, G. D. Atmospheric Chemistry and Physics 2011, 11, 6881-6893. 
(44) Slade, J. H.; Knopf, D. A. Physical Chemistry Chemical Physics 2013, 15, 5898-5915. 
(45) Ingold, K. U. Accounts of Chemical Research 1969, 2, 1-9. 
(46) von Sonntag, C.; Schuchmann, H. P. Angewandte Chemie International Edition in English 
1991, 30, 1229-1253. 
(47) von Sonntag, C.; Dowideit, P.; Fang, X. W.; Mertens, R.; Pan, X. M.; Schuchmann, M. N.; 
Schuchmann, H. P. Water Science and Technology 1997, 35, 9-15. 
(48) Hearn, J. D.; Renbaum, L. H.; Wang, X.; Smith, G. D. Physical Chemistry Chemical 
Physics 2007, 9, 4803-4813. 
(49) Kwok, E. S. C.; Atkinson, R. Atmospheric Environment 1995, 29, 1685-1695.



 

 49 

Chapter 3 
 
 

The Influence of Molecular Structure and 
Chemical Functionality on the OH-Initiated 
Oxidation of Unsaturated Organic Aerosol 
Particles 
 

The content and figures of this chapter are reprinted or adapted with permission from Nah, T.; 
Kessler, S.H.; Daumit, K.E.; Kroll, J.H.; Leone, S.R.; Wilson, K.R.,”Influence of Molecular 

Structure and Chemical Functionality on the Heterogeneous OH-Initiated Oxidation of 
Unsaturated Organic Particles” J. Phys. Chem. A, 2014, DOI: 10.1021/jp502666g 

 
The kinetics and products of the heterogeneous OH-initiated oxidation of squalene (a C30 
branched alkene with 6 C=C double bonds) particles are measured. These results are compared 
to previous measurements of the OH-initiated oxidation of linoleic acid (a linear C18 carboxylic 
acid with 2 C=C double bonds) particles to understand how molecular structure and chemical 
functionality influence reaction rates and mechanisms. In a 10 % mixture of O2 in N2 in the flow 
reactor, the effective uptake coefficients for squalene and linoleic acid are larger than unity, 
providing clear evidence for particle-phase secondary chain chemistry. The squalene effective 
uptake coefficient is 2.34 ± 0.07, which is smaller than the linoleic acid effective uptake 
coefficient (3.75 ± 0.18) despite the larger number of C=C double bonds in squalene. The 
squalene effective uptake coefficient increases with [O2] in the reactor, whereas the linoleic acid 
effective uptake coefficient decreases with increasing [O2]. This suggests that the chain cycling 
mechanism in these two systems is different since O2 promotes chain propagation in the OH + 
squalene reaction but promotes chain termination in the OH + linoleic acid reaction. Elemental 
analysis of squalene aerosol shows that an average of 1.06 ± 0.12 O atoms are added per reactive 
loss of squalene prior to the onset of particle volatilization. O2 promotes particle volatilization in 
the OH + squalene reaction, suggesting that fragmentation reactions are important when O2 is 
present in the OH oxidation of branched unsaturated organic aerosol. In contrast, O2 does not 
influence the rate of particle volatilization in the OH + linoleic acid reaction. This indicates that 
O2 does not alter the relative importance of fragmentation reactions in the OH oxidation of linear 
unsaturated organic aerosol.  
 
3.1 Introduction 

 
Sub-micron organic particles play key roles in atmospheric and combustion chemistry. Once 
airborne, organic particles can undergo multiple oxidation reactions (i.e. multigenerational 
oxidation) with gas phase oxidants such as hydroxyl (OH) radicals, chlorine (Cl) atoms and 
ozone (O3)1-3 to alter the physicochemical properties of the particles.4-6 The OH radical is an 
important oxidant in many environmental and combustion processes.1 Despite ongoing efforts to 
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better understand the underlying reaction mechanisms in the OH-initiated oxidation of organic 
particles, much more is known about the reaction rates and mechanisms of reactions between gas 
phase organic compounds and OH radicals.7-10 The vast amount of experimental data for 
different gas phase reactions has enabled the formulation of general rules for predicting the 
reactivity of a molecule based on its molecular structure. These rules, summarized as structure 
activity relationships (SARs),11,12 provide estimates for rate coefficients of gas phase oxidation 
reactions. As a starting point, the heterogeneous oxidation of organic particles is typically 
considered within the context of known gas-phase reaction mechanisms and SARs, in an effort to 
ascertain key similarities and differences between heterogeneous and gas phase reactions.  
 
Moise et al.13 showed that many types of chemical reactions that are slow in the gas phase (k < 
10-14 molec.-1 cm3 s-1) are enhanced by several orders of magnitude (10 to 104) when they occur 
at an organic surface. Liu et al.14 observed that the heterogeneous reaction of squalane particles 
with Cl atoms is only 2 times faster than with OH radicals. This is in contrast to gas phase SAR 
estimates, which predict that the Cl + squalane reaction would occur 32 times faster than the OH 
+ squalane reaction. These discrepancies in the reaction rates can be explained by the chemical 
differences between a gas-particle interface and a homogeneous gas phase environment. In the 
gas phase, reaction rates and product branching ratios depend on the molecular structure, 
transition states and reaction pathways available for the radical intermediates. In heterogeneous 
reactions, interfacial molecular orientation and thermodynamic phase may play a larger role in 
controlling reaction rates and product branching ratios.15 Additional complexity arises when 
there are particle-phase secondary chain reactions that accelerate the overall reactivity of the 
organic particle. Hence predictions of heterogeneous reaction rates and mechanisms based 
exclusively on the molecular structure (e.g. the number and type of reactive sites in an isolated 
molecule) may often be incomplete to understand heterogeneous reactivity.  
 
The complex reaction pathways in the multigenerational oxidation of organic particles can be 
distilled into three fundamental transformation pathways: functionalization, fragmentation and 
oligomerization.4,16-18 The overall rate at which these processes alter the chemical composition of 
a particle can be greatly enhanced via free radical chain propagation chemistry. Functionalization 
adds polar oxygenated functional groups to the organic particle without changing the particulate 
carbon content. This produces low volatility higher molecular weight oxygenated products that 
results in an increase in the particle mass. Fragmentation produces lower molecular weight 
products via C-C bond scission along the carbon skeleton. These lower molecular weight 
oxidation products have higher vapor pressures and may evaporate from the particle, resulting in 
a detectable decrease in the particle mass (termed “volatilization”). Oligomerization produces 
higher molecular weight products via the covalent association of two organic species.  
 
Recent studies on the OH-initiated oxidation of organic particles suggest that the heterogeneous 
oxidation rate and relative importance of functionalization and fragmentation reactions (i.e. 
reaction mechanism) depend upon the molecular structure of hydrocarbons in the particle. The 
heterogeneous oxidation rate is typically expressed as the heterogeneous reaction probability or 
the reactive uptake coefficient, defined as the fraction of gas-particle collisions that results in a 
reaction. Kessler et al.19 found that while levoglucosan (C6H10O5, a cyclic multi-functional 
oxygenated organic) particles reacted with OH radicals at a faster rate than erythritol (C4H10O4, a 
straight chain alcohol), more particle volatilization is observed for the erythritol particles. 
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Isaacman et al.20 also reported that branched alkanes reacted at faster rates than straight chain 
alkanes in their study of the OH oxidation of motor oil particles. In addition, cyclic alkanes are 
observed to react with OH radicals at slower rates than normal and branched alkanes in their 
study of the OH oxidation of motor oil particles. This is in contrast to SAR estimates, which 
predict that cyclic alkanes would react faster due to the larger abundance of more reactive 
tertiary and secondary carbon atoms present in cyclic alkanes. These studies indicate that the 
dependence of heterogeneous reaction rates and mechanisms on the hydrocarbon’s molecular 
structure remains poorly understood and should be an area of focus for further investigation. 
 
In this work two model reaction systems, OH + squalene C30H50 and OH + unsaturated fatty acid 
(oleic acid C18H34O2, linoleic acid C18H32O2 and linolenic acid C18H30O2), are analyzed to 
investigate the influence of molecular structure (branched vs. linear) and chemical functionality 
(alkene vs. carboxylic acid) on the reaction rates and mechanisms in the OH-initiated oxidation 
of unsaturated organic particles. Squalene is a liquid branched alkene with 6 C=C double bonds, 
whereas oleic acid, linoleic acid and linolenic acid are liquid linear carboxylic acids with 1, 2 and 
3 C=C double bonds, respectively (shown in Figure 3.1).  
 

 
Figure 3.1. Chemical structures of squalene, oleic acid, linoleic acid and linolenic acid. 
 
The measurements for the unsaturated fatty acid reactions have been previously reported21 and 
discussed in Chapter 2, while the measurements for the squalene reaction presented here are new. 
Since the oxidation kinetics and mechanisms of the three unsaturated fatty acids are similar,21 for 
simplicity the kinetics and elemental analysis of the OH + squalene reaction are compared to 
measurements of the OH + linoleic acid reaction in this chapter. We use the same experimental 
approach as the previous study of the OH + unsaturated fatty acid reactions21 to examine the 
oxidation kinetics, products and mechanism of the OH + squalene reaction.  
 
3.2 Experimental Methods 
 
The experimental setup employed in this study has been described in detail previously in Chapter 
2, and will be discussed briefly here. An atmospheric pressure flow reactor (1.7 m long, 6.15 cm 
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i.d., quartz tube) is used to investigate the heterogeneous oxidation of squalene aerosol. OH 
radicals are generated in the flow reactor via the photolysis of H2O2 gas using four continuous 
output 130 cm long Hg lamps (λ = 254 nm) that are placed outside and along the length of the 
flow reactor. Aerosol particles are generated by homogeneous nucleation in a nitrogen (N2) 
stream flowing through a heated pyrex tube (~ 140 °C) containing liquid squalene. The particle 
distribution is lognormal with a mean surface weighted diameter of ~ 224 nm and a geometric 
standard deviation of ~ 1.4 nm. The particle flow is passed through an annular activated charcoal 
denuder to remove any residual gas phase organics that may have been formed in the furnace. A 
N2/H2O2 gas mixture is introduced into the reactor by passing 0.05 to 0.15 L/min of N2 through a 
heated bubbler (50 °C) that is packed with a 50:50 mixture of sand and urea-hydrogen peroxide. 
Additional flows of humidified N2, O2 and tracer gas hexane (~ 150 ppb hexane in the flow 
reactor) are added to give a total flow rate of 1 L/min entering the flow reactor. The relative 
humidity in the flow reactor is fixed at 30 %. [O2] in the flow reactor are reported here as flow 
ratios. For experiments performed without O2, a scrubber (0.75 L Supelpure-O trap) is placed in 
the N2 lines to reduce the residual O2 levels in the reactor to less than ~ 0.05 %. An ozone 
monitor (2B Technologies Model 202), using an optical absorption cell at 254 nm, is used to 
measure [H2O2] in the flow reactor prior to reaction. These measurements are corrected for the 
difference in the absorption cross-sections of O3 and H2O2 at 254 nm to quantify [H2O2].  
 
Particle size distributions exiting the flow reactor are measured by a scanning mobility particle 
sizer (SMPS, TSI model 3936). The chemical composition of the aerosol is measured by a home-
built vacuum ultraviolet photoionization (VUVPI) aerosol mass spectrometer (VUV-AMS) 
(mass resolution ~ 1500),22 where the particles are thermally vaporized at 180 °C and 
photoionized by 9.6 eV VUV radiation produced by the Chemical Dynamics Beamline at the 
Advanced Light Source. For selected experiments, a high-resolution time-of-flight electron 
impact (EI) aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc.) (mass 
resolution ~ 4300) is used to determine the average oxygen-to-carbon (O/C) and hydrogen-to-
carbon (H/C) elemental molar ratios of the aerosol.23-26 The OH exposure in the flow reactor is 
determined from the decay of the tracer gas hexane, which is measured using a gas 
chromatograph equipped with a flame ionization detector (GC, SRI model 8610C) as described 
previously in Chapter 2 and by Smith et al.27 Based on the illuminated region of the reactor and 
the total flow rate going into the reactor (1 L/min), the reaction time is ~ 232 s. OH 
concentrations in the flow reactor range from 1 × 108 to 2 × 109 molec. cm-3. 
 
3.3 Results and Discussion 
 
3.3.1 Squalene Oxidation Products and Kinetics 
 
VUVPI mass spectrometry is used to identify products and determine the effective uptake 
coefficient for squalene (γOH

Sqe
), defined as the number of particle phase squalene molecules 

reacted per OH-particle collision. The mass spectra of squalene particles before and after 
reaction are shown in Figures 3.2a and 3.2b, respectively.  
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Figure 3.2. The VUVPI mass spectrum of squalene (Sqe) particles, measured at a photoionization energy 
of 9.6 eV, (a) before and (b) after exposure to OH radicals (~ 2.6 × 1011 molec. cm-3 s) at [H2O2] = 18.5 
ppm and [O2] = 10 %. The two squalene VUV ion peaks (m/z 410 and 341) monitored during the kinetic 
measurements are shown in panel (a). The inset in panel (b) shows the higher molecular weight 
oxygenated reaction products (labeled as SqeO, SqeO2 and SqeO3 to denote the number of oxygen atoms 
added to the squalene molecule) formed during the reaction. 
 
For more precise kinetic measurements, both the squalene molecular ion (m/z 410) and the 
C25H41

+ fragment ion (m/z 341) are monitored during the reaction. Upon exposure to OH 
radicals, the intensities of the squalene molecular ion and the C25H41

+ fragment ion decrease, and 
groups of higher molecular weight products centered at m/z 426, 442 and 458 (shown in Figure 
3.2 inset) are formed.  
 
Based on the masses of the higher molecular weight reaction products, these products appear to 
contain oxygenated functional groups in the form of carbonyls and alcohols. As fragmentation 
patterns and photoionization efficiencies may depend on the identity of the parent molecule, it is 
difficult to obtain absolute product yields of specific species (e.g. alcohols vs. ketones) within 
the same group of peaks based on the relative peak intensities in the mass spectrum. Detailed 
products analysis will be discussed in Chapter 4. Here for simplicity, the first three groups of 
higher molecular weight products are referred to as SqeO, SqeO2 and SqeO3 to denote the 
number of oxygenated functional groups (i.e. alcohols and ketones) added to the squalene 
molecule.  
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A similar set of higher molecular weight reaction products was observed for the OH + 
unsaturated fatty acid reactions21 in Chapter 2, which serve as a useful starting point for 
understanding product formation chemistry in the OH + squalene reaction. Figure 3.3 shows a 
plausible general reaction scheme for the OH-initiated oxidation of unsaturated organic particles. 
This reaction scheme only applies to products formed by OH addition to the C=C double bond. 
Once all the C=C double bonds in the particle have reacted and been replaced by C-C bonds, 
further particle oxidation is expected to take place via H atom abstraction by OH radicals.15-19,27-

31 In Figure 3.3, the substituent X on the carbon in the C=C double bond refers to CH3 for 
squalene (and H for the unsaturated fatty acids).  
 

 
Figure 3.3. Proposed general reaction scheme for the OH-initiated oxidation of unsaturated organic (RH) 
particles. The substituent X on the carbon in the C=C double bond refers to CH3 for squalene and H for 
the unsaturated fatty acids. R represents the generic alkyl radical formed by the abstraction of a 
hydrogen atom from the unsaturated organic molecule. The number of O atoms added to the unsaturated 
organic molecule for the various reaction pathways are also shown. 
 
Previous gas phase7,8,10,32,33 and monolayer34,35 studies of the reaction of OH radicals with 
unsaturated organics suggest that the OH + squalene reaction is initiated predominantly via OH 
addition to the C=C double bond to form a hydroxyalkyl radical. While the OH radical can add 
to either carbon in the C=C double bond, SARs12 predict that OH addition to the less substituted 
carbon (to form tertiary hydroxyalkyl radicals) occurs ~ 2 times faster than OH addition to the 
more substituted carbon of the C=C double bond (to form secondary hydroxyalkyl radicals). This 
is due to the enhanced stability of tertiary hydroxyalkyl radicals relative to secondary 
hydroxyalkyl radicals.  
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Based on the reaction scheme shown in Figure 3.3, in the absence of O2, the hydroxyalkyl radical 
can react heterogeneously with a gas phase OH radical to form a diol (R3), or abstract a H atom 
from a neighboring squalene molecule (or its products) in the particle to form an alkyl (R) radical 
and an alcohol (R2). When O2 is present, the hydroxyalkyl and R radicals can react with O2 to 
form hydroxyperoxy (R4) and peroxy (not shown) radicals, respectively. The hydroxyperoxy 
radical can then react with another hydroxyperoxy radical or a peroxy radical to form either 
stable oxygenated products (e.g. alcohols and ketones) via the Bennett-Summers and Russell 
mechanisms (R5), or hydroxyalkoxy radicals (R6).36-39 The hydroxyalkoxy radicals can then 
dissociate via C-C bond scission to form lower molecular weight products (R7), or abstract a H 
atom from a neighboring squalene molecule (or its products) to form a diol and a R radical (R8). 
Ketone formation via the hydroxyalkoxy radical + O2 reaction is not shown in Figure 3.3 since 
tertiary hydroxyalkoxy radicals (which are expected be formed in high yields in the presence of 
O2) do not have H atoms adjacent to the peroxy radical available for abstraction by O2. The 
isomerization of the hydroxyalkoxy radical is also not shown in Figure 3.3 since there is no 
strong evidence for this pathway from the experimental data. 
 
The SqeO products in Figure 3.2b can be explained by the formation of alcohols (with masses 
426 and 428 amu) from the reaction of OH radicals with R radicals (not shown in Figure 3.3) and 
H atom abstraction reaction by hydroxyalkyl radicals (R2 in Figure 3.3), respectively. Previous 
studies have also shown that in the presence of O2, peroxy radicals undergo self-reaction to form 
first generation products with one carbonyl group (with mass 424 amu) or one alcohol group 
(with mass 426 amu).27-29,31,36-39 These reaction pathways suggest that SqeO is made up of first 
generation products (i.e. products formed via a single reaction with OH). 
 
While SqeO is made up solely of first generation products, SqeO2 can in principle contain both 
first and second generation products. First generation SqeO2 products can be formed from the 
reaction of hydroxyalkyl radicals with OH radicals (R3 in Figure 3.3), a hydroxyperoxy radical + 
hydroxyperoxy/peroxy radical reaction (R5 in Figure 3.3), or via H atom abstraction by 
hydroxyalkoxy radicals (R8 in Figure 3.3). Second generation SqeO2 products can be formed 
from the reaction of first generation SqeO with OH radicals. Analogously, SqeO3 contains both 
second and third generation products. 
 
To measure the kinetics of the squalene reaction, the decays in the relative intensities of the 
squalene molecular ion and the C25H41

+ fragment ion in the mass spectra are measured as a 
function of OH exposure. For this measurement, the OH exposure is changed by adjusting the 
photon flux of the Hg lamps while keeping the reaction time and [H2O2] fixed (as described 
previously in Chapter 2). Figures 3.4a and 3.4b show the normalized decay curves for squalene 
([Sqe]/[Sqe]0) as a function of OH exposure in the presence of 18.5 ppm [H2O2] at ~ 0 % and 10 
% [O2], respectively.  
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Figure 3.4. The evolution of squalene, SqeO and SqeO2 as a function of OH exposure at [H2O2] = 18.5 
ppm for (a, c and e) [O2] = ~ 0 %, and (b, d and f) [O2] = 10 %. In panels (a) and (b), the decays of 
squalene are fit using Equation 3.1 to obtain kSqe (solid line). The solid lines in panels (c) to (f) are model 
predictions calculated using SAR predictions,11 which serve as a comparison to the measured product 
evolutions. The uncertainties represent the standard deviations of individual measurements made at each 
OH exposure.  
 
As described previously in Chapter 2, the squalene decays shown in Figures 3.4a and 3.4b are fit 
to Equation 3.1 to obtain the decay rate constant (kSqe), which is then used to compute γOH

Sqe
 using 

Equation 3.2.  
[Sqe]
[Sqe]0

= exp(−kSqe 〈OH 〉t ⋅ t)
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where [Sqe] and [Sqe]0 are the final and initial concentrations of particle phase squalene, 〈OH〉t⋅t 
is the OH exposure, Dsurf is the mean surface-weighted particle diameter, ρ0 is the initial squalene 
density, NA is Avogadro’s number, 

_
c  is the mean speed of gas phase OH, and MSqe is the molar 

mass of squalene.  
 
The γOH

Sqe
 measured at 18.5 ppm [H2O2] are 1.47 ± 0.06 and 2.34 ± 0.07 at ~ 0 % and 10 % [O2], 

respectively. This indicates that more than one particle phase squalene molecule is lost for every 
OH-particle collision and is clear evidence for secondary chain chemistry. Due to unknown 
amounts of secondary chemistry, γOH

Sqe
 is not corrected for gas phase diffusion. The relationship 

between γOH
Sqe

 and [O2] will be discussed further in section 3.3.2. 
 
Waring et al.40 studied the reaction of hyperthermal OH radicals on a liquid squalene surface at 
low pressure. By measuring the reactive loss of gas phase OH radicals (as opposed to the loss of 
condensed phase squalene molecules in this study), they determined that the reactive uptake 
coefficient (γOH ) is 0.39 ± 0.07. Assuming that γOH  for the surface reaction of OH radicals with 
squalene particles is 0.39, dividing γOH

Sqe
 by γOH  allows us to place an upper limit on the chain 

propagation length in our study. The chain propagation length is the number of squalene 
molecules that are removed for every reactive OH-particle collision. At ~ 0 % [O2], the chain 
propagation length is 3.77. This suggests that for every particle phase squalene molecule 
consumed by a heterogeneous reaction with a OH radical, ~ 3 other squalene molecules are 
consumed by secondary reactions. At 10 % [O2], the chain propagation length increases to 6.  
 
The evolution of squalene and its higher molecular weight products are measured as a function 
of OH exposure to understand how the reactivity of squalene differs from its products. Figures 
3.4a, 3.4c and 3.4e show the evolution of squalene, SqeO and SqeO2 versus OH exposure at ~ 0 
% [O2], respectively. The evolution of SqeO and SqeO2 are compared to SAR calculations to 
identify similarities and differences between heterogeneous and gas phase oxidation reactions. 
For simplicity, the first and second generation higher molecular weight products of squalene are 
assumed to have 5 and 4 C=C double bonds, respectively, in the SAR calculations. The predicted 
reaction rates of these higher molecular products (relative to that of squalene) are calculated 
based solely on the number and type of reaction sites (e.g. number of C=C bonds) present in 
these products. For simplicity, we also assume that the reaction rates of all the secondary chain 
reactions scale proportionately with the number and type of reaction sites present in these 
products in the SAR calculations. SAR11 calculations predict that the first and second generation 
higher molecular weight products would react at rates ~ 15 and 30 % slower than squalene, 
respectively, since these products have fewer C=C double bonds for reaction (relative to 
squalene). A kinetic model predicting the evolution of SqeO and SqeO2 is constructed based on 
SAR predictions (shown as solid lines in Figures 3.4c and 3.4e). Figures 3.4c and 3.4e show that 
SqeO and SqeO2 reach their maxima at OH exposures slightly larger than those predicted by 
SAR calculations, indicating that the formation and reaction of SqeO and SqeO2 occur at rates 
slightly slower than that predicted by SAR calculations. 
 
Similar calculations are performed on the evolution of squalene, SqeO and SqeO2 at 10 % [O2] in 
Figures 3.4b, 3.4d, and 3.4f, respectively. The kinetic behavior of SqeO and SqeO2 are again 
compared with SAR11 calculations (shown as solid lines in Figures 3.4d and 3.4f). Figures 3.4d 
and 3.4f show that SqeO and SqeO2 peak at OH exposures smaller than those predicted by SAR 
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calculations. This indicates that SqeO and SqeO2 are formed and react at rates faster than that 
predicted by SAR calculations.  
 
It is unclear why the formation and reaction rates of SqeO and SqeO2 are faster than that 
predicted by SAR calculations at 10 % [O2] but are slightly slower than the rates predicted by 
SAR calculations at ~ 0 % [O2]. However analogous to the OH + linoleic acid reaction21 
discussed in Chapter 2, the deviation in the evolution of SqeO and SqeO2 from SAR predictions 
at ~ 0 and 10 % [O2] can be attributed to differences between the gas-particle interface and a 
homogeneous gas phase environment. SAR calculations also do not consider secondary chain 
reactions that may accelerate the reactive depletion rate of squalene. The high molecular density 
in the squalene particle may enhance these particle-phase chain cycling reactions, and 
consequently these reactions accelerate the overall rate of particle transformation. 
 
Based on the reaction scheme shown in Figure 3.3, the particle-phase secondary chain reactions 
that accelerate the reactive depletion rate of squalene are H atom abstraction reactions by 
hydroxyalkyl and hydroxyalkoxy radicals (R2 and R8, respectively). Squalene has 44 H atoms in 
C(sp3)-H bonds available for abstraction, while the abstraction of H atoms in C=C double bonds 
is energetically unfavorable.41,42 The 44 H atoms from the C(sp3)-H bonds in squalene are allylic 
in nature since they are attached to C atoms that are adjacent to C=C double bonds. Previous 
studies have shown that allylic C-H bonds have significantly lower bond energies than their 
equivalents in saturated hydrocarbons.41,42 In the OH + squalene reaction, the lower allylic C-H 
bond energies may potentially result in larger rate constants for the H atom abstraction reactions 
by hydroxyalkyl and hydroxyalkoxy radicals.  
 
Since the allylic C-H bonds of squalene are weaker than their equivalents in saturated 
hydrocarbons, H atom abstraction by OH radicals may play a role in the OH + squalene reaction. 
It is difficult to ascertain the relative contributions of OH addition and H atom abstraction to γeff

Sqe  
from the experimental data. However in a study of the OH oxidation of 3-methyl-1-butene, 
Atkinson et al.32 showed that H atom abstraction by OH radicals from the allylic C-H bond in 3-
methyl-1-butene is a minor reaction channel (relative to OH addition to the C=C double bond) at 
room temperature. A study of the OH oxidation of 1-butene reported that products formed from 
H atom abstraction reactions by OH radicals are not observed despite the presence of an allylic 
C-H bond.33  
 
In the OH + squalene reaction, the allylic R radicals formed from H atom abstraction reactions 
are resonance stabilized. The structures of these resonance-stabilized allylic R radicals may 
influence the type of stable products formed from the reaction of allylic R radicals with O2 and 
OH radicals. For example, despite the abstraction of a secondary H atom from an allylic C-H 
bond, a tertiary allylic R radical may be formed as a result of resonance stabilization. The tertiary 
allylic R radicals can react with O2 to form tertiary peroxy radicals. Kroll et al.17 showed that the 
formation of higher molecular weight oxygenated products via the Bennett-Summers and Russell 
mechanisms36-39 is suppressed in the reaction between two tertiary peroxy radicals (due to the 
lack of H atoms adjacent to the peroxy radical), and tertiary alkoxy radicals are likely the 
dominant products. These tertiary alkoxy radicals can then dissociate to form lower molecular 
weight oxygenated products. A detailed analysis on the products derived from the formation of 
these allylic R radicals will be presented in Chapter 4. 
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3.3.2 Squalene Effective Uptake Coefficient vs. [O2] and [OH] 
 
Figure 3.5a shows how γOH

Sqe
 changes as a function of [O2] in the flow reactor at 1.4 ± 0.2 and 

18.5 ± 0.4 ppm [H2O2]. For both H2O2 concentrations, γOH
Sqe

 increases before leveling off when 
[O2] is increased. γOH

Sqe
 is 1.55 ± 0.05 and 1.47 ± 0.06 at ~ 0 % [O2], and increases to 2.59 ± 0.12 

and 2.27 ± 0.08 at 18 % [O2] for 1.4 and 18.5 ppm [H2O2], respectively. 
 

 
Figure 3.5. (a) Effective uptake coefficients of squalene as a function of [O2] at 1.4 ppm [H2O2] and 18.5 
ppm [H2O2]. (b) Effective uptake coefficients of squalene as a function of [OH] at [H2O2] = 18.5 ppm and 
[O2] = 10 %. The uncertainties represent the standard deviations of individual measurements. 
  
The increase in γOH

Sqe
 with increasing [O2] is much different from the trend observed in the OH + 

linoleic acid reaction,21 where the effective uptake coefficient for the linoleic acid ( γOH
LA

) 
decreases with increasing [O2] instead. Generally, the inverse relationship between γOH

LA
 and [O2] 

is attributed to the role that O2 predominantly plays in promoting chain termination reactions.14,21 
In the absence of O2, the hydroxyalkyl radical formed from the initial OH addition to the C=C 
double bond in the linoleic acid propagates the particle-phase secondary chain chemistry by 
reacting with other linoleic acid molecules. When increasing amounts of O2 are added to the 
reaction, the chain reaction slows since the hydroxyalkyl radicals can react instead with O2 to 
form hydroxyperoxy radicals that can undergo self-reactions to form terminal oxygenated 
products (i.e. chain termination). This causes γOH

LA
 to decrease with increasing [O2]. Here the 
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increase in γOH
Sqe

 with increasing [O2] implies that O2 predominantly promotes chain propagation 
reactions. This suggests that the chain cycling mechanism in the OH + squalene reaction may be 
different from the OH + linoleic acid reaction. These differences will be further discussed in 
section 3.3.4. 
 
Figure 3.5a also shows that γOH

Sqe
 measured at 1.4 ppm [H2O2] are larger than those measured at 

18.5 ppm [H2O2]. This is consistent with the trend observed in the OH + linoleic acid reaction,21 
where the inverse relationship between γOH

LA
 and the concentration of the radical precursor (H2O2) 

is explained by H2O2 impeding the OH reaction of linoleic acid particles by adsorbing to the 
particle surface and blocking reaction sites. A similar inverse relationship between the 
concentration of the radical precursor (O3) and the effective uptake coefficient is also observed 
by Renbaum et al.43 in the OH oxidation of 2-octyldodecanoic acid aerosol. In that study, the 
effective uptake coefficients are interpreted using a Langmuir-type isotherm, which suggests that 
O3 adsorbs to the surface of the 2-octyldodecanoic acid particles and blocks reaction sites at the 
particle surface. Analogous to the OH + 2-octyldodecanoic acid43 and OH + linoleic acid21 
reactions, it is possible that H2O2 impedes the OH reaction of squalene particles by adsorbing to 
the particle surface and blocking reaction sites. This could be one explanation for why γOH

Sqe

 measured at 1.4 ppm [H2O2] are larger than those measured at 18.5 ppm [H2O2]. 
 
Since H2O2 is the radical precursor, the relationship between γOH

Sqe
 and [H2O2] may also be 

coupled to the relationship of γOH
Sqe

 with the absolute [OH]. Figure 3.5b shows γOH
Sqe

 as a function 
of [OH] at 18.5 ppm [H2O2] for 10 % [O2]. For this set of measurements, the OH exposure is 
changed by varying the reaction time (described previously in Chapter 2) while fixing [H2O2] 
and [OH]. γOH

Sqe
 decreases when the absolute [OH] in the flow reactor increases.  

 
The inverse relationship between γOH

Sqe
 and [OH] is similar to observations made in the OH + 

linoleic acid reaction21 where the inverse relationship is attributed to the presence of chain 
termination reactions involving OH radicals. These chain termination reactions compete with 
chain propagation reactions by consuming OH radicals that would otherwise react with linoleic 
acid molecules. This slows the chain reaction down, causing γOH

LA
 to decrease with increasing 

absolute [OH]. A study by Liu et al.14 on the Cl + squalane reaction similarly attributed the 
inverse relationship between the effective uptake coefficient and [Cl] to chain termination 
reactions involving Cl atoms. Analogous to the OH + linoleic acid21 and Cl + squalane14 
reactions, OH radicals can react with hydroxyalkyl, R and other OH radicals to form terminal 
products (i.e. diols, alcohols and H2O2, respectively) in the OH + squalene reaction. These chain 
termination reactions consume OH radicals and slow the radical chain chemistry in the particle, 
and thus could explain the inverse relationship between γOH

Sqe
 and [OH].  

 
3.3.3 Elemental Analysis 
 
The relative importance of functionalization and fragmentation pathways can be determined 
from how the average aerosol mass and elemental content evolve during the reaction. EI-MS is 
used to measure the elemental O/C and H/C ratios and aerosol mass. As described previously in 
Chapter 2 and by Kroll et al.,17 the aerosol mass is obtained from particle volume and density 
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measurements.17,44 The average particulate carbon content (the average number of C atoms in the 
particle phase, nC) can be expressed as, 

nC =
M

12 +  16(O/C) +  (H/C)     (3.3) 

where M is the particle mass and O/C and H/C are the elemental ratios. The average number of C 
atoms present in the squalene molecule is obtained from the product of the average particulate 
carbon content (normalized to the initial amount of particulate carbon) with the initial number of 
C atoms in the squalene molecule (NC = 30). The average number of O and H atoms present in 
the squalene molecule is obtained by multiplying the O/C and H/C ratios with the average 
number of C atoms present in the squalene molecule. 
 
Figure 3.6 shows the mass measurements and elemental analysis of squalene particles as a 
function of squalene lifetime at 20.7 ppm [H2O2] for ~ 0 and 10 % [O2]. The squalene lifetime 
(τSqe) is,  

τ Sqe = kSqe ⋅ 〈OH 〉t ⋅ t             (3.4) 
where kSqe is the measured rate constant for squalene and 〈OH〉t⋅t is the measured OH exposure.27 
The squalene lifetime represents the number of reactive events (i.e. heterogeneous and/or 
homogeneous reactions that consume the molecular species) that an average particle phase 
squalene molecule has undergone.17,18,27 At one lifetime, the number of reactive events equals the 
number of molecules in the particle. These measurements are plotted as a function of squalene 
lifetime to show the changes in particle mass and elemental composition per squalene reaction.  
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Figure 3.6. Elemental analysis of squalene particles as a function of squalene lifetime at [H2O2] = 20.7 
ppm for (a, c, e and g) [O2] = ~ 0 %, and (b, d, f and h) [O2] = 10 %. Panels (a) and (b): particle volume 
and density (normalized to the initial volume and density per unreacted particle). Panels (c) and (d): 
average number of C and H atoms per squalene molecule. Panels (e) and (f): average number of O atoms 
per squalene molecule. Panels (g) and (h): aerosol mass (normalized to the initial mass per unreacted 
particle). In panels (e) and (f), the initial increase in the average number of O atoms per squalene 
molecule is fit using the linear function mx (solid lines). In panels (g) and (h), the measured particle mass 
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data is compared with the particle mass predictions (dashed lines) based on the assumption that 1.06 O 
atoms are added per reactive loss of squalene. The degree of particle volatilization is the difference 
between the measured particle mass and the predicted mass (arrows). 
 
Figures 3.6a and 3.6b show that particle density increases with oxidation at both ~ 0 and 10 % 
[O2]. This increase in density as the particles become increasingly oxidized is consistent with 
previous density measurements of oxidized organic aerosol.17,29 Figure 3.6a also shows that at ~ 
0 % [O2], particle volume increases slightly when oxidation is first initiated before decreasing 
after ~ 1 squalene lifetime. In contrast, Figure 3.6b shows that particle volume decreases 
monotonically at 10 % [O2]. 
 
Figure 3.6c shows that at ~ 0 % [O2], the average number of C atoms in the squalene molecule 
stays roughly constant at 30 (within experimental error) when oxidation is first initiated (0 to ~ 1 
squalene lifetimes) before decreasing to 28.7 ± 0.8 upon further oxidation. The average number 
of H atoms in the squalene molecule first increases to 51.1 ± 2.5 before decreasing to 46.7 ± 1.3 
upon further oxidation. In contrast, measurements recorded at 10 % [O2] (shown in Figure 3.6d) 
show that the average numbers of C and H atoms in the squalene molecule decrease immediately 
to 27.0 ± 0.7 and 44.0 ± 1.1, respectively, once oxidation occurs.  
 
Figures 3.6e and 3.6f show that at both ~ 0 and 10 % [O2], the average number of O atoms in the 
squalene molecule increases linearly during the early stages of oxidation, before slowing upon 
further oxidation. One possible explanation for this change in the net rate of O atom addition is 
the increased importance of fragmentation reactions as oxidation progresses.17,18,27 
Fragmentation leads to the formation of lower molecular weight products, which have higher 
vapor pressures and may evaporate from the particle. As a result, a significant fraction of 
particulate O (and C and H) atoms leaves the particle as gas phase products, causing the net rate 
of O atom addition to the particle to slow.  
 
To estimate the average number of O atoms added to the particle per reactive loss of squalene 
during the initial stages of oxidation, the initial increase in the average number of O atoms per 
squalene molecule at ~ 0 % [O2] is fit with a line (shown as a solid line in Figure 3.6e). Particle 
volatilization (i.e. fragmentation) is negligible over this range since Figure 3.6c shows that the 
average number of C atoms in the squalene molecule stays roughly constant at 30, thus 
indicating little particulate carbon loss (and hence little particle volatilization). From 0 to ~ 1 
squalene lifetimes, the average number of O atoms added per squalene reacted increases linearly 
with a slope of 1.06 ± 0.12. This suggests that an average of 1.06 ± 0.12 O atoms are added per 
reactive loss of squalene prior to the onset of particle volatilization. Similarly, Figure 3.6f shows 
that ~ 1.06 O atoms are added per reactive loss of squalene from 0 to ~ 0.5 squalene lifetimes 
(shown as a solid line in Figure 3.6f) at 10 % [O2]. At squalene lifetimes > 0.5, the increase in 
particulate oxygen content starts to slow due to particle volatilization.  
 
One might expect an average of two O atoms added per squalene reacted (from the formation of 
diols and hydroxycarbonyls) if the Bennett-Summers and Russell mechanisms36-39 (R5 in Figure 
3.3) are dominant pathways in the OH + squalene reaction. Instead the addition of 1.06 O atoms 
per reactive loss of squalene (at early lifetimes) indicates that secondary chain reactions play 
significant roles in the OH + squalene reaction. 
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To better understand how O2 influences particle volatilization, particle mass measurements are 
compared with mass predictions (shown as dashed lines in Figures 3.6g and 3.6h) based on 
measurements that an average of 1.06 O atoms are added per reactive loss of squalene at ~ 0 and 
10 % [O2]. H atom addition/loss is not considered in the mass predictions due to the relatively 
minor mass contribution of H atoms (~ 2 %) to the overall change in the particle mass.  
 
Figure 3.6g shows that the average particle mass increases at early squalene lifetimes (0 to ~ 1 
squalene lifetimes) for ~ 0 % [O2], which is consistent in magnitude with an increase in 
particulate oxygen content as described above. The measured particle mass and predicted particle 
mass are similar from 0 to ~ 1 squalene lifetimes, indicating that functionalization reactions 
(which add oxygenated functional groups to the particle) are important during the initial stages of 
oxidation, with fragmentation reactions being a minor pathway. The measured particle mass 
starts to decrease after ~ 1 squalene lifetime and deviates increasingly from the predicted mass 
upon further reaction. This signals the increasing importance of fragmentation reactions, which 
may form volatile products that evaporate from the particle. Figure 3.6h shows that at 10 % [O2], 
the average particle mass decreases immediately upon oxidation and deviates increasingly from 
the predicted mass with increasing squalene lifetime. This indicates that particle volatilization 
occurs even at the early stages of oxidation, and suggests that fragmentation is an important 
reaction channel when O2 is present in the reaction. This difference in the evolution of squalene 
particle mass (0 % vs. 10 % [O2]) implies that O2 promotes fragmentation reactions in the OH + 
squalene reaction. In addition, previous studies showed that particle volatilization occurs at 
lifetimes ≥ 3 in the OH + squalane (alkane equivalent of squalene) reaction.17,27 Since particle 
volatilization occurs at much earlier lifetimes in the OH + squalene reaction, this indicates that 
fragmentation is potentially an important pathway in the oxidation of branched unsaturated 
organic aerosol.    
 
The mass and elemental composition measurements of squalene particles are compared to the 
measurements of linoleic acid particles. Figure 3.7 shows the mass measurements and elemental 
analysis of linoleic acid particles as a function of linoleic acid lifetime at 20.7 ppm [H2O2] for ~ 
0 and 10 % [O2]. Figures 3.7a and 3.7b show that at both ~ 0 and 10 % [O2], particle volume 
increases slightly before decreasing. The particle density increases with oxidation at both ~ 0 and 
10 % [O2].  
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Figure 3.7. Elemental analysis of linoleic acid particles as a function of linoleic acid lifetime at [H2O2] = 
20.7 ppm for (a, c, e and g) [O2] = ~ 0 %, and (b, d, f and h) [O2] = 10 %. Panels (a) and (b): particle 
volume and density (normalized to the initial volume and density per unreacted particle). Panels (c) and 
(d): average number of C and H atoms per linoleic acid molecule. Panels (e) and (f): average number of O 
atoms per linoleic acid molecule. Panels (g) and (h): aerosol mass (normalized to the initial mass per 
unreacted particle). In panels (e) and (f), the measured number of O atoms per linoleic acid molecule is fit 
using the linear function 2 + mx (solid lines) where m is slope. In panels (g) and (h), the measured particle 
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mass data is compared with the particle mass predictions (dashed lines) based on the assumption that an 
average of 0.56 and 0.61 O atoms are added per reactive loss of linoleic acid at ~ 0 % and 10 % [O2], 
respectively. The degree of particle volatilization is the difference between the measured particle mass 
and the predicted mass (arrows). 
 
While O2 appears to influence the oxidative evolution of the squalene particle mass and 
elemental content, the influence of O2 on the oxidative transformation of linoleic acid particles is 
less apparent. Figures 3.7c and 3.7d show that at both ~ 0 and 10 % [O2], the average number of 
C atoms in the linoleic acid molecule stays roughly constant at 18 (within experimental error) 
during oxidation. Additionally, at both ~ 0 and 10 % [O2], the average number of H atoms in the 
linoleic acid molecule increases at early linoleic acid lifetimes (0 to ~ 3 linoleic acid lifetimes) 
before decreasing. Figures 3.7e and 3.7f show that the average number of O atoms in the linoleic 
acid molecule increases linearly at approximately the same rate for both ~ 0 and 10 % [O2] (0.56 
± 0.03 and 0.61 ± 0.01 O atoms are added per reactive loss of linoleic acid, respectively). The 
origin of the difference between the average number of O atoms added to the linoleic acid and 
squalene molecules is not clear, but may be attributed to different branching ratios for secondary 
chain reactions present in the two systems.  
 
The linoleic acid particle mass measurements are compared with mass predictions (shown as 
dashed lines in Figures 3.7g and 3.7h) based on measurements that an average of 0.56 and 0.61 
O atoms are added per reactive loss of linoleic acid at ~ 0 and 10 % [O2], respectively. Figures 
3.7g and 3.7h show that at both ~ 0 and 10 % [O2], the measured particle mass and predicted 
particle mass are roughly similar from 0 to ~ 3.5 linoleic acid lifetimes. In both cases, the 
measured particle mass starts to decrease after ~ 3.5 linoleic acid lifetime and deviates from the 
predicted mass. This indicates that at both ~ 0 and 10 % [O2], functionalization dominates the 
reaction during the early stages of oxidation, while fragmentation increases in importance as the 
particle becomes more oxidized. 
 
Since the oxidative transformation of the linoleic acid particle mass and elemental content appear 
to be similar at ~ 0 and 10 % [O2], this suggests that O2 does not substantially influence the 
relative importance of functionalization and fragmentation reactions in the OH + linoleic acid 
reaction. This is in contrast to the OH + squalene reaction where O2 clearly appears to promote 
fragmentation reactions. This implies that while fragmentation becomes an important reaction 
channel when O2 is present in the OH oxidation of branched unsaturated organic aerosol (i.e. 
squalene), O2 does not appear to alter the relative importance of fragmentation reactions in the 
OH oxidation of linear unsaturated organic aerosol (i.e. linoleic acid). The role of O2 in the OH + 
squalene and OH + linoleic acid reactions will be discussed further in section 3.3.4. 
 
3.3.4 OH + Squalene vs. OH + Unsaturated Fatty Acids 
 
The value of γOH

Sqe
 measured at 10 % [O2] and 18.5 ppm [H2O2] is 2.34 ± 0.07, while the effective 

uptake coefficients for the unsaturated fatty acids (γOH
UFA

) measured previously in Chapter 2 at 10 
% [O2] and 20.7 ppm [H2O2] are 1.72 ± 0.08 for oleic acid (OA), 3.75 ± 0.18 for linoleic acid 
(LA) and 5.73 ± 0.14 for linolenic acid (LNA).21 These values indicate that the oxidation rate of 
squalene particles is slower than linoleic acid and linolenic acid particles. These results are 
surprising since squalene might be expected to react faster than the unsaturated fatty acids due to 
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the larger number of C=C double bonds available for radical addition and subsequent secondary 
chain chemistry. From SAR11 calculations, it is expected that, in the absence secondary chain 
chemistry, OH radicals would react with squalene ~ 7 times faster than oleic acid, ~ 4 times 
faster than linoleic acid and ~ 3 times faster than linolenic acid.  
 
The higher oxidation rate of unsaturated fatty acid particles (i.e. linoleic acid and linolenic acid) 
relative to squalene particles may be explained by the reactive uptake of OH radicals at the 
surface of these particles (γOH ). The γOH  values measured by Waring et al.40 from the reactive 
loss of gas phase OH radicals onto squalene and oleic acid surfaces are 0.39 ± 0.07 and 0.24 ± 
0.10, respectively. These measurements suggest that the OH heterogeneous reactive uptake at the 
squalene surface may only be ~ 1.6 times larger than the reactive uptake at the oleic acid surface, 
rather than ~ 7 times larger as predicted by SAR11 calculations. This suggests that other factors 
(e.g. molecular orientation at the particle surface) may play a bigger role in the aerosol reactivity 
than simply the number of C=C double bonds. 
 
The more rapid oxidation of unsaturated fatty acid particles (i.e. linoleic acid and linolenic acid) 
relative to squalene particles may originate, in part, from differences in the molecular orientation 
of squalene and unsaturated fatty acid molecules at the particle surface. Hearn et al.45 reported 
that oleic acid particles reacted with O3 at a faster rate than methyl oleate due to differences in 
the molecular orientation at the particle surface. X-ray diffraction studies on liquid oleic acid46,47 
showed that the acid molecules exist primarily as dimers through hydrogen bonding of the 
carbonyl oxygen and the acidic hydrogen. The carboxylic acid groups of one dimer and the 
terminal methyl groups of another dimer align alternatively in the same lateral plane within the 
liquid. Hearn et al.45 postulates that oleic acid molecules are similarly orderly arranged at the 
particle surface, leading to an increase in the density of C=C double bonds at the particle surface, 
and consequently a fast surface reaction between O3 and a C=C double bond. In contrast, methyl 
oleate molecules are expected to be isotropically oriented within the particle since they do not 
participate in hydrogen bonding. This results in a slower reaction since the C=C double bonds of 
methyl oleate molecules are not as accessible to O3 at the particle surface (relative to oleic acid). 
In the OH + unsaturated fatty acid reaction, it is possible that the proposed ordered arrangement 
of unsaturated fatty acid molecules at the particle surface45 similarly increases the overall 
probability of a surface OH reaction with a C=C double bond. Molecular dynamics simulations 
of liquid squalene show that squalene molecules are isotropically oriented at the liquid surface.48 
Analogous to the O3 + methyl oleate reaction,45 this arrangement of squalene molecules within 
the particle may reduce the overall probability of a surface OH reaction with a C=C double bond.  
 
The more rapid oxidation of unsaturated fatty acid particles could also be attributed to 
differences in particle-phase secondary chain chemistry. The rate coefficients of secondary chain 
reactions that consume squalene molecules in the OH + squalene reaction may be smaller than 
the rate coefficients of secondary chain reactions that consume unsaturated fatty acid molecules 
in the OH + unsaturated fatty acid reactions. Studies have shown that gas phase unsaturated 
oxygenated organics (e.g. acids, alcohols, ketones) are more reactive towards OH radicals than 
their alkene equivalents due to the formation of a hydrogen-bonded complex (via interactions 
between the OH radical and the oxygenated functional group of the molecule) that promotes the 
formation of stable reaction products.49-53 Here it is possible that the presence of a carboxylic 
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acid functional group in the unsaturated fatty acids enhances particle-phase chain cycling 
reactions, which leads to a higher oxidation rate for the unsaturated fatty acid particles. 
 
One other difference between the OH + squalene and OH + unsaturated fatty acid reactions is the 
role of O2 in the two systems. Figure 3.5a shows that γOH

Sqe
 increases with increasing [O2], thus 

implying that O2 promotes chain propagation in the OH + squalene reaction. Elemental analysis 
of squalene particles (shown in Figure 3.6) shows that the particle mass decreases by a greater 
extent during oxidation at 10 % [O2] compared to oxidation at ~ 0 % [O2]. In contrast, the values 
of γOH

UFA
 decreases with increasing [O2],21 indicating that O2 promotes chain termination in the 

OH + unsaturated fatty acid reactions. Elemental analysis of linoleic acid particles (shown in 
Figure 3.7) also shows that the evolution of particle mass and elemental content (particulate C, H 
and O atoms) is approximately similar during oxidation at ~ 0 and 10 % [O2].  
 
These differences in the role of O2 in the two systems can be attributed to differences in the 
molecular structures of squalene and the unsaturated fatty acids. Squalene is a branched alkene 
with 6 C=C double bonds. Previous studies suggest that OH adds preferentially to the less 
substituted carbon of the C=C double bond (to form tertiary hydroxyalkyl radicals) as opposed to 
the more substituted carbon of the C=C double bond.12,54 Therefore tertiary hydroxyperoxy 
radicals will be formed in high yields (relative to secondary hydroxyperoxy radicals) when O2 is 
present in the reaction. The formation of terminal oxygenated products (R5 in Figure 3.3) is 
potentially suppressed in the reaction between two tertiary hydroxyperoxy radicals due to the 
lack of H atoms adjacent to the peroxy radical. Instead, tertiary hydroxyalkoxy radicals are likely 
the dominant products from the reaction between two tertiary hydroxyperoxy radicals (R6 in 
Figure 3.3). These tertiary hydroxyalkoxy radicals can dissociate to form lower molecular weight 
products (R7 in Figure 3.3), which may evaporate from the particle resulting in a detectable loss 
of particle mass (i.e. particle volatilization). The observation of significant particle volatilization 
at 10 % [O2] (shown in Figure 3.6h) suggests that tertiary hydroxyalkoxy radicals are an 
important radical intermediate when O2 is present in the reaction. 
 
The importance of the tertiary hydroxyalkoxy radical intermediate is also evident in Figure 3.5a, 
which shows that γOH

Sqe
 increases with increasing [O2]. Based on the general reaction scheme 

shown in Figure 3.3, pathways R2 and R8 are chain propagation reactions that accelerate the 
reactive depletion of squalene molecules when O2 is present in the reaction. When O2 is absent, 
pathway R2 becomes the sole chain propagation channel since hydroxyperoxy radicals are not 
formed. Therefore the radical chain chemistry in the particle is arrested with decreasing [O2], 
causing γOH

Sqe
 to decrease when [O2] is decreased. 

 
In contrast to squalene, the unsaturated fatty acids are linear molecules. OH addition is predicted 
to be approximately equally rapid at the two carbons in the C=C double bonds.12,54 Therefore 
secondary hydroxyperoxy radicals are expected to be formed in high yields when O2 is present in 
the reaction. As shown in the previous study of the OH + unsaturated fatty acid reactions21 in 
Chapter 2, secondary hydroxyalkyl radicals propagate the particle-phase secondary chain 
chemistry in the absence of O2 by reacting with unsaturated fatty acid molecules (R2 in Figure 
3.3). When increasing amounts of O2 are added to the reaction, the secondary hydroxyalkyl 
radicals can react with O2 instead to form secondary hydroxyperoxy radicals (R4 in Figure 3.3). 
These secondary hydroxyperoxy radicals (which have H atoms adjacent to the peroxy radical) 
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can then react with each other via the Russell and Bennett-Summers mechanisms36-39 (R5 in 
Figure 3.3) to form terminal oxygenated products (i.e. chain termination). This slows the radical 
chain chemistry in the particle, causing γOH

UFA
 to decrease with increasing [O2]. 

 
Elemental analysis of linoleic acid particles suggests that the formation of secondary 
hydroxyalkoxy radicals (R6 in Figure 3.3) is a minor channel in the OH + unsaturated fatty acid 
reactions. If secondary hydroxyalkoxy radicals were formed in high yields when O2 is present in 
the reaction, one might expect the average number of C atoms in the linoleic acid molecule and 
the particle mass to decrease significantly at 10 % [O2] (relative to at ~ 0 % [O2]) since a fraction 
of these hydroxyalkoxy radicals could dissociate and form volatile lower molecular weight 
products that may evaporate from the particle (R7 in Figure 3.3). However Figure 3.7 shows that 
the average number of C atoms in the linoleic acid molecule stays constant at 18 (within 
experimental error) during oxidation at 10 % [O2] and the evolution of the particle mass is 
similar at ~ 0 and 10 % [O2]. These measurements suggest that the formation of secondary 
hydroxyalkoxy radicals is a minor channel in the hydroxyperoxy self-reaction, and the formation 
of terminal oxygenated products (e.g. diols and hydroxycarbonyls) is the dominant channel when 
O2 is present in the reaction. This is consistent with a study of the NO3-initiated oxidation of 
oleic acid particles,55 which found that the formation of oxygenated products is a major reaction 
pathway while the formation of alkoxy radicals (which can fragment) is of minimal importance.  
 
3.4 Conclusions 
 
Two model reaction systems, OH + squalene and OH + unsaturated fatty acid (oleic acid, linoleic 
acid and linolenic acid), are analyzed to investigate the effect of molecular structure (branched 
vs. linear) and chemical functionality (alkene vs. carboxylic acid) on the reaction rates and 
mechanism in the OH-initiated oxidation of unsaturated organic particles. The value of γOH

Sqe
 

measured at 10 % [O2] and 18.5 ppm [H2O2] is 2.34 ± 0.07, while the values of γOH
UFA

 
measured 

previously for oleic acid, linoleic acid and linolenic acid at 10 % [O2] and 20.7 ppm [H2O2] are 
1.72 ± 0.08, 3.75 ± 0.18 and 5.73 ± 0.14, respectively. Since γOH

Sqe
 and γOH

UFA
 are larger than one, 

there is clear evidence for particle-phase secondary chain chemistry. 

 γOH
Sqe

 is smaller than γOH
LA

 and γOH
LNA

 even though squalene has more C=C double bonds than 
linoleic acid and linolenic acid. This may be attributed to differences in the reactive uptakes of 
OH radicals at the particle surface and particle-phase secondary reactions in the two systems. 
γOH
Sqe

 increases with [O2] in the reactor, while the values of γOH
UFA

 decrease with increasing [O2]. 
This suggests that O2 promotes chain propagation in the OH + squalene reaction, and promotes 
chain termination in the OH + unsaturated fatty acid reactions. The values of γOH

Sqe

 
and γOH

UFA
 

decrease when the absolute [OH] in the flow reactor is increased. This inverse relationship 
between the effective uptake coefficient and [OH] is attributed to the competing rates of chain 
propagation and termination reactions. 
 
Elemental analysis of squalene particles shows that, while particle volatilization only becomes 
important in the later stages of oxidation at ~ 0 % [O2], significant particle volatilization occurs 
once oxidation is initiated at 10 % [O2]. In contrast, elemental analysis of linoleic acid particles 
shows that [O2] does not influence the rate of particle volatilization in the OH + linoleic acid 
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reaction. Together these measurements suggest that fragmentation reactions are important when 
O2 is present in the OH oxidation of branched unsaturated organic aerosol, while O2 does not 
alter the relative importance of fragmentation reactions in the OH oxidation of linear unsaturated 
organic aerosol. 
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Chapter 4 
 
 

Measurement of Products in the OH-
Initiated Oxidation of Branched and Linear 
Unsaturated Organic Aerosol Particles using 
Two-Dimensional Gas Chromatography-
Mass Spectrometry 
 
The influence of molecular structure (branched vs. linear) on product formation in the 
heterogeneous oxidation of unsaturated organic aerosol is investigated. The products formed 
from the reaction of squalene (C30H50, a branched alkene with six C=C double bonds) and 
linolenic acid (C18H30O2, a linear carboxylic acid with three C=C double bonds) aerosols with 
OH radicals are identified and quantified using two-dimensional gas chromatography-mass 
spectrometry. Functionalization products are the dominant products in squalene aerosol 
oxidation at ~ 1 % [O2], while the total abundance of functionalization products is approximately 
equal to the fragmentation products at 10 % [O2]. Analysis of the squalene functionalization 
products reveals that oxidation is initiated primarily by OH addition to the less substituted carbon 
of the C=C double bond. The large abundance of squalene fragmentation products at 10 % [O2] 
is attributed to the formation and dissociation of tertiary hydroxyalkoxy radicals in the presence 
of O2. Analysis of squalene fragmentation products indicates that hydroxyalkoxy radical 
dissociation occurs primarily at C-C bonds adjacent to both the alkoxy radical and OH group. In 
contrast to squalene, functionalization products are the dominant products in linolenic acid 
aerosol oxidation at both ~ 1 % and 10 % [O2]. The significantly lower yields of linolenic acid 
fragmentation products indicate that fragmentation is a minor reaction channel independent of 
[O2]. Analysis of the linolenic acid functionalization products reveals that oxidation is initiated 
by OH addition to the carbons of the three C=C double bond, leading to the formation of 
secondary hydroxyalkyl radicals. The distribution of linolenic acid functionalization products is 
governed by [O2], suggesting that O2 controls the reaction pathways taken by the secondary 
hydroxyalkyl radical intermediate. 
 
4.1 Introduction 
 
The heterogeneous oxidation of organic aerosol in the atmosphere is complex and dynamic, since 
it can undergo multiple oxidation reactions with gas phase oxidants (e.g. hydroxyl (OH), nitrate 
(NO3) and chlorine (Cl) radicals) to form a mixture of oxidation products that control the average 
aerosol mass and volatility.1,2 Reaction mechanisms from gas and condensed phase reactions are 
typically used to interpret the formation of particle phase products, yet it remains unclear how 
well these reaction mechanisms explain heterogeneous aerosol oxidation since particle phase 
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secondary chain reactions, aerosol thermodynamic phase and interfacial molecular orientation 
may play important roles in the observed product distributions.3-6  
 
To better understand fundamental OH-particle chemical mechanisms, several studies have 
investigated the products formed in the OH-initiated oxidation of saturated organic aerosol.4,7-13 
These studies found that the oxidation proceeds via the abstraction of a hydrogen (H) atom by an 
OH radical to form an alkyl radical. In the presence of O2, the alkyl radical rapidly forms a 
peroxy radical, which reacts through a series of functionalization and fragmentation reaction 
pathways to form higher and lower molecular weight oxygenated products. Functionalization 
produces less volatile higher molecular weight products via the addition of oxygenated 
functional groups (e.g. carbonyl and hydroxyl groups) to the carbon backbone. Conversely, 
fragmentation produces more volatile lower molecular weight oxygenated products via C-C bond 
scission along the carbon backbone.10,14-16  
 
The distribution of products formed from heterogeneous oxidation depends strongly on 
molecular structure. Ruehl et al.4 analyzed the products formed in squalane (a liquid branched 
C30 alkane) and octacosane (a solid normal C28 alkane) aerosol oxidation by OH, and they found 
that the first generation squalane and octacosane functionalization products consist primarily of 
carbonyls and alcohols. Additionally, it is observed that there are significantly more squalene 
fragmentation products than octacosane fragmentation products. Since majority of the squalane 
fragmentation products are formed via scission of C-C bonds involving tertiary carbons, the 
smaller quantity of octacosane fragmentation products is attributed to the lack of tertiary carbons 
in octacosane. Another study by Zhang et al.13 showed that the heterogeneous reaction of OH 
with cholestane (a solid cyclic alkane with a branched aliphatic side chain) yielded few ring-
opening oxidation products. This is in contrast to gas phase reaction mechanisms, which predict 
that ring-opening products will be formed in large abundance due to the presence of highly 
reactive tertiary and secondary carbons in the aliphatic ring. These studies indicate that the 
influence of molecular structure on product distributions is still not well understood and should 
be an area of focus for future studies. 
 
Unlike the oxidation of saturated organic aerosol, the OH-initiated oxidation of unsaturated 
organic aerosol proceeds primarily via OH addition to the C=C double bond to form a 
hydroxyalkyl radical.17-20 Previous kinetic studies of the oxidation of unsaturated C18 fatty acid19 
and squalene20 aerosols (Chapters 2 and 3, respectively) revealed that the effective uptake 
coefficients, defined as the number of particle phase molecules reacted per OH-particle collision, 
are larger than one. This indicates that more than one particle phase molecule is lost for every 
OH-particle collision, providing clear evidence for particle phase secondary chain chemistry. 
These secondary chain reactions may in turn alter the distribution of functionalization and 
fragmentation particle phase products.  
 
This chapter aims to provide new molecular and mechanistic insights into the reaction pathways 
in the heterogeneous OH-initiated oxidation of unsaturated organic aerosol through detailed 
product analysis. Aerosols of squalene (C30H50, a liquid branched alkene with six C=C double 
bonds) and linolenic acid (C18H30O2, a liquid linear carboxylic acid with three C=C double 
bonds) are photo-oxidized in a flow reactor and analyzed using two-dimensional gas 
chromatography coupled to mass spectrometry, which separates and quantifies the oxidation 
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products by their volatility, polarity and mass spectra. This work builds on Chapters 2 and 3, 
which focused broadly on the chemical kinetics and mechanism of the linolenic acid19 and 
squalene20 reactions. Chapters 2 and 3 showed that the hydroxyalkyl radical (formed from OH 
addition to the C=C double bond) react though a sequence of intermediates to form a variety of 
functionalization and fragmentation products, a result broadly consistent with previous gas21-23 
and monolayer17,18 studies. The present chapter focuses on the molecular and positional isomeric 
distributions of these functionalization and fragmentation products. The identities and relative 
abundances of squalene and linolenic acid oxidation products will provide a more comprehensive 
understanding into how molecular structure (branched vs. linear) influences the distribution of 
functionalization and fragmentation products in the heterogeneous oxidation of unsaturated 
organic aerosol. Figure 4.1 shows the molecular structures of squalene and linolenic acid. The 
carbon atoms in the carbon backbones of both molecules are labeled and will be referred to 
accordingly throughout this chapter. 
  

 
Figure 4.1. Chemical structures of squalene and linolenic acid. The carbon atoms in the carbon backbones 
of both molecules are labeled. 
 
4.2 Experimental Methods 
 
The experimental setup used in this study is similar to that used in Chapters 2 and 3 and will only 
be reviewed briefly here. An atmospheric pressure flow reactor (1.4 m long, 5.8 cm i.d., quartz 
tube) is used to investigate the heterogeneous oxidation of squalene and linolenic acid aerosol. 
OH radicals are generated in the flow reactor via the photolysis of H2O2 gas using four 
continuous output 130 cm long Hg lamps (λ = 254 nm) that are placed outside and along the 
length of the flow reactor. Aerosol particles are generated by homogeneous nucleation in a N2 
stream flowing through a pyrex tube containing either liquid squalene or linolenic acid. The 
aerosol stream is passed through an annular activated charcoal denuder to remove any residual 
gas phase organics that may have been formed in the furnace. A N2/H2O2 gas mixture is 
introduced into the reactor by passing 0.15 L/min of N2 through a heated bubbler (50 °C) that is 
packed with a 50:50 mixture of sand and urea-hydrogen peroxide. Additional flows of 
humidified N2, O2 and tracer gas hexane (~ 150 ppb hexane in the flow reactor) are added to give 
a total flow rate of 1 L/min entering the flow reactor. The relative humidity in the flow reactor is 
fixed at 30 %. [O2] in the flow reactor are reported here as flow ratios. [H2O2] in the flow reactor 
prior to reaction is ~ 1 ppm. 
 
The OH exposure in the flow reactor is changed by varying the average OH concentration in the 
reactor by adjusting the photon flux of the Hg lamps while keeping the total flow rate constant. 
The OH exposure in the flow reactor is determined from the decay of the tracer gas hexane, 
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which is measured using a gas chromatograph equipped with a flame ionization detector (SRI 
Instruments), as described previously by Smith et al.12 Based on the illuminated region of the 
reactor and the total flow rate going into the reactor (1 L/min), the reaction time is ~ 220 s. OH 
concentrations in the flow reactor range from 7 × 107 to 9 × 108 molec. cm-3. Particle size 
distributions exiting the flow reactor are measured by a scanning mobility particle sizer (SMPS, 
TSI model 3772). The squalene and linolenic acid particle size distributions are lognormal and 
have mass concentrations of ~ 8000 µg/m3. The squalene and linolenic acid aerosols have mean 
surface weighted diameters of ~ 170 and 190 nm, respectively. At each OH exposure, aerosol 
samples are collected for ~ 30 min at 0.6 L/min onto quartz filters (4.7 cm diameter Tissuquartz, 
Pall Life Science, prebaked at 600 °C). The aerosol stream is passed through a charcoal denuder 
(8 in. 480-channel MAST Carbon) before the filters to remove gas phase compounds. 
 
The gas chromatograph used to analyze the filters has been described in detail previously4,13,24,25 
in Chapter 1 and will be discussed briefly here. The filters are analyzed using two-dimensional 
gas chromatography and detected by high-resolution time-of-flight mass spectrometry utilizing 
either electron impact or vacuum ultraviolet (VUV) photoionization (GC × GC-HRTOF-
EI/VUVMS). The filters (sampled area = 0.41 cm2) are thermally desorbed at 320 °C in helium 
using a thermal desorption system and autosampler (TDS3 and TDSA2, Gerstel). The desorbed 
samples are introduced into a two-dimensional gas chromatograph (GC × GC, Agilent 7890) 
with in situ gas phase N-methyl-N-trimethylsilyl trifluoroacetamide (MSTFA) derivatization. 
Analytes are first separated by volatility using a 60 m × 0.25 mm × 0.25 µm nonpolar capillary 
column (Rxi-5Sil MS, Restek, 85 min retention time), then by polarity using a 1 m × 0.25 mm × 
0.25 µm medium polarity column (Rtx-200MS, Restek, 2.3 s retention time). The first column is 
interfaced to the second column by a dual loop modulator (1.5 m × 0.25 mm Rxi guard column, 
Zoex Corp, 2.4 s modulation time). Internal standards of deuterated n-alkanes are used to correct 
for GC column transfer efficiency and chromatogram reproducibility. Mass spectra are obtained 
using a high-resolution (mass resolution ~ 4000) time-of-flight mass spectrometer (ToFWerk) 
with either electron impact (EI, 70 eV) or VUV photoionization (VUV, 10.5 eV). The VUV 
radiation is produced by the Chemical Dynamics Beamline at the Advanced Light Source.  
 
EI-MS is used to quantify the oxidation products. The detection limit of this quantification 
technique is ~ 0.4 ng. External standards of 12-hydroxyoctadecanoic acid, triacontane, 2-
pentadecanone, 2-octadecanone, hexadecanol, octadecanol, eicosanol, palmitic acid, margaric 
acid, stearic acid and behenic acid are used (chosen based on their retention times and chemical 
functionalities) for product quantification. In this quantification method, known volumes of 
external standard compounds (of known concentrations) are first analyzed by the gas 
chromatograph (separately from filter samples). The oxidation products are then quantified by 
comparing their chromatographic peak areas with that of the external standard compounds. 
Based on the air volume sampled during aerosol filter collection (18 L) and analyzed filter 
sample area (0.41 cm2), the mass concentrations of the oxidation products can be determined. 
Discussion on the accuracy of this method in quantifying the products of squalene and linolenic 
acid will be presented in sections 4.3.1 and 4.3.2, respectively. 
 
VUV-MS is used to identify specific compounds (e.g. structural isomers) since the VUV mass 
spectrum generally features a more prominent molecular ion and significantly fewer fragment 
ions compared to EI. Although the molecular formulas of the compounds are determined from 
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high-resolution VUV mass spectra, for simplicity, only integer m/z values are shown in this 
chapter. Figure 4.2 shows the VUV mass spectra obtained for derivatized linolenic acid (Figure 
4.2a) and its diol products (Figures 4.2b – 4.2d). The ion fragmentation patterns that explain the 
characteristic ion peaks observed in the VUV mass spectra of the derivatized diol products are 
also shown. In MSTFA derivatization, the acidic H atoms in alcohol and carboxylic acid 
functional groups are substituted by a trimethylsilyl (Si(CH3)3, labeled as “TMS”) group. For 
simplicity, the TMS-derivatized hydroxyl (OH) groups in alcohol and carboxylic acid functional 
groups are labeled as “OTMS” in this chapter. In Figure 4.2, the molecular ions of linolenic acid 
(C17H29COOH, m/z 278) and its diol product isomers (C17H29CO(OH)3, m/z 312) appear as 
C17H29CO(OTMS) (m/z 350) and C17H29CO(OTMS)3 (m/z 528), respectively. 
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Figure 4.2. VUV mass spectra for (a) TMS-derivatized linolelenic acid (C17H29CO(OTMS), m/z 350), and 
(b − d) its TMS-derivatized diol product isomers (C17H29CO(OTMS)3, m/z 528). Figure insets in panels (b 
− d) show the ion fragmentation patterns that explain the characteristic ion peaks observed in the mass 
spectra of the derivatized diol product isomers. In panel (b), the ion peak at m/z 368 is formed by 
fragmentation, followed by H rearrangement. 
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4.3 Results and Discussion 
 
4.3.1 Squalene Oxidation Product Analysis 
 
Figure 4.3 shows the distribution and relative abundance of particle phase squalene oxidation 
products in a two-dimensional GC space (i.e. tR

1 vs. tR
2) at an OH exposure of 1.6 × 1011 molec. 

cm-3 s for ~ 1 % and 10 % [O2] (Figures 4.3a and 4.3b, respectively). Each circle represents a 
single compound and its relative abundance is represented by the size of the circle.  
 

 
Figure 4.3. Relative abundance of squalene and its oxidation products shown in a 2D GC space at OH 
exposure = 1.62 × 1011 molec. cm-3 s at (a) ~ 1 % and (b) 10 % [O2]. The x-axis is the first dimension (tR

1) 
and the y-axis is the second dimension (tR

2) retention time. In panels (a − b), each circle represents a 
single compound and its relative abundance is represented by the size of the circle. Squalene C30H50 is the 
orange circle located at tR

1 ~ 67.5 min and tR
2 ~ 0.7 s. The oxidation products are separated into four 

groups by their chemical formulas and delineated with different colors: all fragmentation products 
(black); derivatized C30H49(OTMS) alcohols (green); derivatized C30H51(OTMS) alcohols (blue); and 
derivatized C30H50(OTMS)2 diols (red).   
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Squalene C30H50 (m/z 410, shown in orange in Figure 4.3) elutes at first-dimensional retention 
time (tR

1) ~ 67.6 min and second-dimensional retention time (tR
2) ~ 0.7 s. In the two-dimensional 

GC space, oxidation products that elute at shorter tR
1 relative to squalene are fragmentation 

products with carbon numbers less than 30 and are more volatile than squalene (shown in black 
in Figure 4.3). Oxidation products that elute at longer tR

1 relative to squalene are 
functionalization products that have carbon number 30 with new oxygenated functional groups.  
 
The functionalization products are grouped based on their molecular formulas. At both ~ 1 % 
and 10 % [O2], two groups of TMS-derivatized alcohol products are detected as functionalization 
products: C30H49(OTMS) (m/z 498, shown in green in Figure 4.3) and C30H51(OTMS) (m/z 500, 
shown in blue in Figure 4.3). Twelve C30H49(OTMS) alcohol isomers are detected at tR

2 ~ 0.7 s 
with tR

1 from ~ 68 to 73 min. Three C30H51(OTMS) alcohol isomers are detected at tR
2 ~ 0.7 s 

with tR
1 from ~ 70 to 72 min. Three TMS-derivatized C30H50(OTMS)2 diol isomers (m/z 588, 

shown in red in Figure 4.3) are also detected as functionalization products at tR
2 ~ 0.7 s with tR

1 
from ~ 73 to 75 min. MSTFA derivatization decreases the polarity of the alcohol and diol 
functionalization products, causing them to have approximately the same tR

2 as squalene. 
  
The relative abundance of particle phase functionalization and fragmentation products at ~ 1 % 
and 10 % [O2] suggests that [O2] controls the formation of functionalization and fragmentation 
products in squalene oxidation. To obtain a more comprehensive understanding of how [O2] 
influences the competition between functionalization and fragmentation pathways in squalene 
oxidation, the mass concentrations of particle phase oxidation products are quantified using 
external standards as described in section 4.2. Figures 4.4a and 4.4b show the total mass 
concentrations of oxidation products, functionalization products and fragmentation products as a 
function of OH exposure at ~ 1 % and 10 % [O2], respectively. The standard deviations for the 
oxidation product mass concentrations are not known since it is unclear how the detection 
efficiencies of the external standards differ from that of the products. 
 

 
Figure 4.4. Total mass concentrations of squalene oxidation products, functionalization and fragmentation 
products as a function of OH exposure at (a) ~ 1 and (b) 10 % [O2].  
 
Figure 4.4a shows that at ~ 1 % [O2] the total mass concentration of oxidation products (i.e. sum 
of functionalization and fragmentation products) increases and reaches a maximum value of ~ 
5370 µg/m3 at an OH exposure of ~ 9.6 × 1010 molec. cm-3 s, before decreasing upon further 
oxidation. The total abundance of functionalization products is significantly larger than the 
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fragmentation products. Approximately 89 % of the oxidation products are functionalization 
products. The mass concentrations of functionalization and fragmentation products reach 
maximum values of ~ 4830 µg/m3 and 540 µg/m3, respectively, at an OH exposure of ~ 9.6 × 
1010 molec. cm-3 s. Therefore the addition of oxygenated functional groups to the carbon 
backbone (i.e. functionalization) dominates squalene aerosol oxidation at ~ 1 % [O2].  
 
Figure 4.4b shows that at 10 % [O2], the total mass concentration of oxidation products increases 
and reaches a maximum value of ~ 4900 µg/m3 at an OH exposure of ~ 9.6 × 1010 molec. cm-3 s, 
before decreasing upon further oxidation. The total abundance of functionalization products is 
approximately equal to that of the fragmentation products. This indicates that C-C bond cleavage 
(i.e. fragmentation) is an important pathway in the oxidation of squalene aerosol at 10 % [O2].  
 
The total mass concentration of oxidation products is compared to the reactive loss of squalene. 
At ~ 1 % [O2], ~ 90 % of the original squalene mass concentration can be accounted for (by 
particle phase products and unreacted squalene) over the course of the reaction. The missing 
mass can be attributed to evaporated fragmentation products (i.e. particle volatilization), and 
highly oxygenated particle phase products (with more than three oxygen atoms in a molecule) 
having lower detection efficiencies.13 At 10 % [O2], only ~ 80 % of the original squalene mass 
concentration can be accounted for during oxidation. This is likely due to particle volatilization 
being an important reaction channel at high [O2], as demonstrated by the detection of higher 
mass concentrations of fragmentation products at 10 % [O2]. This is also consistent with aerosol 
mass measurements presented in Chapter 3, which showed that significant particle volatilization 
occurs at high [O2] in the squalene reaction.20 
 
The squalene mass concentrations at each OH exposure are obtained from EI-MS measurements 
to determine the effective uptake coefficient. The total squalene EI signal intensity and the two 
most prominent EI fragments m/z 69 and 81 (shown in Figure 4.5a) are used to quantify the 
decay of the squalene mass concentration. Figures 4.5b and 4.5c show the decays of the squalene 
mass concentration (normalized to the initial total squalene mass concentration) as a function of 
OH exposure at ~ 1 % and 10 % [O2], respectively. 
 
The squalene decays can be well-represented by an exponential function. Similar to the previous 
kinetics study of the squalene reaction20 presented in Chapter 3, these exponential decays 
indicate that the decay rate is directly proportional to the concentration of particle phase squalene 
and the reaction is not limited by the diffusion of squalene molecules to the particle surface. 
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Figure 4.5. (a) EI mass spectrum of Squalene. Normalized squalene decay at (b) ~ 1 % and (c) 10 % [O2]. 
The total squalene EI signal intensity and the two most prominent EI fragments m/z 69 and 81 are used to 
quantify the oxidative decay of squalene. The uncertainties represent the standard deviations of each 
measurement. 
 
As described previously in Chapter 2, the squalene decays in Figures 4.5b and 4.5c are fit to 
Equation 4.1 to obtain the rate constant (kSqe), which is then used to calculate the effective uptake 
coefficient (γOH

Sqe
) using Equation 4.2. 
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where 〈OH〉t⋅t is the OH exposure, [Sqe] and [Sqe]0 are the final and initial squalene mass 
concentrations, Dsurf is the mean surface-weighted particle diameter, ρ0 is the initial squalene 
density, NA is Avogadro’s number, 

_
c  is the mean speed of gas phase OH, and MSqe is the molar 

mass of squalene. The OH exposure in the flow reactor is determined from the decay of the 
tracer gas hexane, as described previously in Chapters 2 and 3 and Smith et al.12 The γOH

Sqe
 values 

measured at ~ 1 % and 10 % [O2] are 2.92 ± 0.18 and 3.65 ± 0.22, respectively. This indicates 
that more than one particle phase squalene molecule is lost for every OH-particle collision and is 
clear evidence for secondary chain chemistry. Due to unknown amounts of secondary chemistry, 
the γOH

Sqe
 values are not corrected for gas phase diffusion.  

 
The measured γOH

Sqe
 values are larger than those previously reported20 in Chapter 3 (1.55 ± 0.05 

and 2.59 ± 0.12 for 1.4 ppm [H2O2] at ~ 0 % and 10 % [O2], respectively). The difference in the 
γOH
Sqe

 values can be attributed to the different experimental methods used in the two studies. The 
kinetic studies20 presented in Chapter 3, which are conducted using online vacuum ultraviolet 
photoionization mass spectrometry, measures the reaction directly by monitoring the decay of 
the squalene molecular ion as a function of OH exposure in real time. Heterogeneous kinetics in 
aerosol oxidation studies are typically measured in real time to avoid sampling and analysis 
artifacts associated with off-line analysis techniques and consequently, obtain more accurate 
reaction rates.5-10,12,26 In contrast, the squalene reaction is measured indirectly in this study using 
off-line filter sampling. Therefore the kinetic measurements presented here may have been 
subjected to off-line sampling and analysis artifacts, resulting in differences in the γOH

Sqe
 values. 

Nonetheless the increase in γOH
Sqe

 when [O2] increases from ~ 1 % to 10 % in this study is 
consistent with the previous kinetics study of the squalene reaction20 presented in Chapter 3, and 
indicates that O2 promotes chain propagation.  
  
4.3.1.1 Squalene Functionalization Products 
 
The functionalization products are identified and quantified to determine the functionalization 
pathways in squalene aerosol oxidation. TMS-derivatized C30H49(OTMS), C30H51(OTMS) and 
C30H50(OTMS)2 product isomers make up the majority of functionalization products. The un-
derivatized molecular formulas of these products (obtained by substituting the “TMS” group 
with a H atom) are C30H49OH, C30H51OH and C30H50(OH)2, respectively. Kinetic studies20 
presented in Chapter 3 indicate that they are first generation functionalization products. Figure 
4.6 shows the evolution of C30H49(OTMS), C30H51(OTMS) and C30H50(OTMS)2 mass 
concentrations as a function of OH exposure at ~ 1 % and 10 % [O2]. 
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Figure 4.6. Total mass concentrations of TMS-derivatized C30H49(OTMS) alcohol, C30H51(OTMS) 
alcohol and C30H50(OTMS)2 diol products as a function of OH exposure at (a) ~ 1 % and (b) 10 % [O2]. 
 
Carbonyl C30H48O and TMS-derivatized hydroxycarbonyl C30H49O(OTMS) functionalization 
products are not detected in the GC chromatograms at ~ 1 % and 10 % [O2]. Given the detection 
limits of the two-dimensional gas chromatography-mass spectrometry technique (0.4 ng), the air 
volume sampled during aerosol filter collection (18 L), and the filter sample area analyzed (0.41 
cm2), the results indicate that less than 1 µg/m3 (calculated based on the initial mass 
concentration of unreacted squalene aerosol) of carbonyl and hydroxycarbonyl functionalization 
products are formed in squalene oxidation.  
 
The formation of first generation C30H49OH, C30H51OH and C30H50(OH)2 functionalization 
products, along with the low abundance of hydroxycarbonyl functionalization products and the 
increased abundance of fragmentation products at 10 % [O2] (relative to at ~ 1 % [O2]) in 
squalene aerosol oxidation can be explained by the reaction mechanism proposed previously20 in 
Chapter 3. In that work it is shown that the OH + squalene reaction is initiated predominantly by 
OH addition to the less substituted carbon of the C=C double bond to form a tertiary 
hydroxyalkyl radical, a result consistent with previous gas phase21-23 and monolayer17,18 studies. 
Figure 4.7 shows the reaction mechanism for the OH-initiated oxidation of squalene aerosol. For 
clarity, the derivatized and un-derivatized molecular formulas of the products are also shown. 
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Figure 4.7. Reaction mechanism for the OH-initiated oxidation of squalene (Sqe) aerosol.20 R represents 
the generic alkyl radical formed by the abstraction of a H atom from a squalene molecule. The un-
derivatized (bold text) and derivatized (regular text) molecular formulas of the detected first generation 
functionalization products are also shown. 
 
Three TMS-derivatized C30H51(OTMS) alcohol isomers are detected at ~ 1 % and 10 % [O2]. 
The un-derivatized molecular formula of these alcohol isomers C30H51OH indicates that one O 
atom and two H atoms are added to the squalene molecule. Based on the reaction mechanism 
shown in Figure 4.7, these C30H51OH alcohol products are formed by the chain reaction where a 
H atom is abstracted from a neighboring squalene molecule by the hydroxyalkyl radical (R2).  
 
Figure 4.6a shows that at ~ 1 % [O2], the total mass concentration of TMS-derivatized 
C30H51(OTMS) alcohol isomers increases and reaches a maximum of ~ 1150 µg/m3 at an OH 
exposure of ~ 9.6 × 1010 molec. cm-3 s. Figure 4.6b shows that at 10 % [O2], the total mass 
concentration of TMS-derivatized C30H51(OTMS) alcohol isomers increases and reaches a 
maximum of ~ 260 µg/m3 at an OH exposure of ~ 7.3 × 1010 molec. cm-3 s. The total abundance 
of these alcohol isomers is approximately four times larger at ~ 1 % [O2] compared to 10 % [O2], 
indicating that O2 suppresses the formation of C30H51OH products. This is consistent with the 
reaction mechanism shown in Figure 4.7, where the formation of hydroxyperoxy radicals (R5) 



 

 86 

becomes the dominant reaction pathway for hydroxyalkyl radicals at high [O2], effectively 
slowing down R2; the chain propagation reaction that produces C30H51OH alcohol products. 
 
Figure 4.8 shows the VUV mass spectra of the three TMS-derivatized C30H51(OTMS) (m/z 500) 
alcohol isomers. Also shown are the ion fragmentation patterns that explain the characteristic ion 
peaks in the VUV mass spectra. Fragment ions in the VUV mass spectra are produced by α–
cleavage, β–cleavage, McLafferty rearrangement (labeled as “ML”), H rearrangement (labeled as 
“H rearrang.”) etc.  
 

 
Figure 4.8. VUV mass spectra of the TMS-derivatized C30H51(OTMS) alcohol product isomers (m/z 500). 
Figure insets in panels (a − c) show the ion fragmentation patterns that explain the characteristic ion peaks 
observed in the mass spectra. In panels (a − c), the m/z 410 fragment ion is formed from the loss of 
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HOTMS. The ion peak m/z 131 in panel (c) is a C3H6OTMS fragment. Also shown are the labeled carbon 
atoms in the squalene carbon backbone. 
 
The m/z 410 ion is a common fragment ion in the three VUV mass spectra, and it corresponds to 
the loss of Si(CH3)3OH (labeled as “HOTMS”). The loss of HOTMS is similar to the 
dehydration of alcohols. Similar fragment ions in the VUV mass spectra of TMS-derivatized 
alcohols have also been observed by Zhang et al.13 in their study of cholestane aerosol oxidation. 
The m/z 136 ion is another common fragment ion, and it corresponds to the C10H16

+ fragment 
formed from cleavage of the C16-C17 bond in the carbon backbone and H rearrangement. 
 
By identifying distinctive fragment ions in the VUV mass spectra of these three TMS-derivatized 
C30H51(OTMS) alcohol isomers, the location of the OTMS group (and consequently the OH 
group) on the squalene carbon backbone can be determined. For example, Figure 4.8a shows the 
VUV mass spectrum of a TMS-derivatized C30H51(OTMS) alcohol isomer with an OTMS group 
on C3 of the squalene carbon backbone. The α–cleavage process is the dominant fragmentation 
pathway, producing m/z 145 (C4H8(OTMS)+) and 457 (C27H44(OTMS)+) fragment ions. Using 
this approach, the VUV mass spectra shown in Figures 4.8b and 4.8c are determined to be 
C30H51(OTMS) alcohol isomers with an OTMS group on C7 and C11 of the squalene carbon 
backbone, respectively. Together the mass spectra in Figure 4.8 show that these three alcohol 
isomers are formed by OH addition to the less substituted carbon of the C=C double bond.  
 
C30H51(OTMS) alcohol isomers with OTMS groups located on C2, C6 and C10 of the squalene 
carbon backbone are not detected. Given the detection limits of the two-dimensional gas 
chromatography-mass spectrometry technique (0.4 ng), the air volume sampled during aerosol 
filter collection (18 L), and the filter sample area analyzed (0.41 cm2), this indicates that less 
than 1 µg/m3 (calculated based on the initial mass concentration of unreacted squalene aerosol) 
of the C30H51OH isomers are formed via OH addition to the more substituted carbon of the C=C 
double bond. The total mass concentration of C30H51OH isomers formed via OH addition to the 
less substituted carbon of the C=C double bond (a maximum of ~ 1150 µg/m3 at ~ 1 % [O2]) is 
significantly larger than the total mass concentration of C30H51OH isomers formed via OH 
addition to the more substituted carbon of the C=C double bond (less than 1 µg/m3 at ~ 1 % 
[O2]). These results suggest that the heterogeneous oxidation of branched unsaturated organic 
aerosol proceeds primarily via OH addition to the less substituted carbon of the C=C double 
bond (to form secondary hydroxyalkyl radicals), while OH addition to the more substituted 
carbon of the C=C double bond (to form secondary hydroxyalkyl radicals) is a minor channel.  
 
The higher propensity for OH addition to the less substituted carbon of the C=C double bond is 
also consistent with the absence of TMS-derivatized C30H49O(OTMS) hydroxycarbonyl products 
from the GC chromatogram and the large abundance of fragmentation products at 10 % [O2]. 
Given the detection limits of the two-dimensional gas chromatography-mass spectrometry 
technique (0.4 ng), the air volume sampled during aerosol filter collection (18 L), and the filter 
sample area analyzed (0.41 cm2), this indicates that less than 1 µg/m3 (calculated based on the 
initial mass concentration of unreacted squalene aerosol) of hydroxycarbonyl products are 
formed. Based on the reaction mechanism shown in Figure 4.7, the preference for OH addition to 
the less substituted carbon of the C=C double bond leads to high yields of tertiary 
hydroxyperoxy radicals (relative to secondary hydroxyperoxy radicals) at high [O2] (R5). The 
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formation of hydroxycarbonyl products (via the Russell and Bennett-Summers mechanisms27-31) 
is suppressed in tertiary hydroxyperoxy radical self-reaction due to the lack of H atoms adjacent 
to the peroxy radical, which explains the low yields of hydroxycarbonyls (less than 1 µg/m3). 
Instead tertiary hydroxyalkoxy radicals are likely the dominant products from tertiary 
hydroxyperoxy radical self-reaction (R6). These tertiary hydroxyalkoxy radicals can dissociate to 
form fragmentation products (R9), which explains the high yields of fragmentation products at 
10 % [O2] (relative to ~ 1 % [O2]). The observation of high yields of fragmentation products at 
10 % [O2] indicates that the tertiary hydroxyalkoxy radical is an important radical intermediate at 
high [O2]. 
 
The importance of the tertiary hydroxyalkoxy radical intermediate at high [O2] is also consistent 
with the measured γOH

Sqe
, which increases from 2.92 ± 0.18 at ~ 1 % [O2] to 3.65 ± 0.22 at 10 % 

[O2]. Based on the reaction mechanism shown in Figure 4.7, pathways R2 and R7 are chain 
propagation reactions that accelerate the reactive depletion of squalene molecules at high [O2]. 
At low [O2], pathway R7 is suppressed since hydroxyperoxy radicals (and consequently 
hydroxyalkoxy radicals) are formed in low abundance. Therefore the radical chain chemistry in 
the particle is arrested with decreasing [O2], causing γOH

Sqe
 to decrease when [O2] is decreased. 

 
Twelve TMS-derivatized C30H49(OTMS) alcohol isomers are detected at ~ 1 % and 10 % [O2]. 
Figures 4.6a and 4.6b show that the total mass concentration of TMS-derivatized C30H49(OTMS) 
alcohol isomers increases and reaches maximum values of ~ 2010 µg/m3 and ~ 1130 µg/m3 at an 
OH exposure of ~ 9.6 × 1010 molec. cm-3 s at ~ 1 % and 10 % [O2], respectively. The un-
derivatized molecular formula of these alcohol isomers of C30H49OH corresponds to the addition 
of one O atom to the squalene molecule. Based on the reaction mechanism shown in Figure 4.7, 
these C30H49OH alcohol product isomers could be formed by the reaction of alkyl (R) radicals 
(formed by H atom abstraction reactions R2 and R7) with O2 and OH radicals (R3 and R8). The 
R radicals react with O2 to form peroxy radicals, which undergo self-reaction to form C30H50O 
alcohol products.27-30 
 
Squalene has 44 H atoms from C(sp3)-H bonds available for abstraction, while the abstraction of 
H atoms attached to C=C double bonds are expected to be energetically unfavorable.32,33 The 44 
H atoms from the C(sp3)-H bonds in squalene are allylic since they are attached to C atoms 
adjacent to C=C double bonds. Equation 4.4 shows that the allylic R radicals formed from H 
atom abstraction reactions are resonance stabilized: 
 

   (4.4) 
 
As a result of resonance stabilization, there are sixteen possible allylic R radicals that can be 
formed from H atom abstraction reactions (shown in Figure 4.9). 
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Figure 4.9. Structures of all 16 possible resonance-stabilized allylic R radicals formed from H atom 
abstraction reactions during squalene oxidation. 
  
The unpaired electron densities of the allylic alkyl radicals formed from H atom abstraction are 
calculated using the Gaussian 0934 program. Since squalene is a large branched C30 alkene 
molecule, a smaller C7 branched alkene (albeit one with a similar branched molecular structure 
as squalene) is used for these calculations. The branched alkene (C7H14) used in these 
calculations is shown in Figure 4.10a. The H atoms that are abstracted to form allylic alkyl 
radicals are also shown. 
 
The quantum chemical calculations are performed at three levels of theory: the complete active 
space self-consistent method CASSCF(3,3)/cc-pVDZ selecting an active-space of three electrons 
in the three π-valence orbitals; the hybrid density functional method UM06-2X/6-31+G(d); and 
UHF/6-31+G(d). In each case, a geometry optimization is undertaken and confirmed to be a 
minimum by a frequency calculation that resulted in no imaginary frequencies. The singly 
occupied molecular orbitals are drawn using the GaussView software package. Figure 4.10b 
shows the singly occupied molecular orbitals of the allylic alkyl radicals formed from H atom 
abstraction reactions. 
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Figure 4.10. (a) The alkene used in spin density calculations. The carbon sites at which H atoms are 
abstracted from to form the allylic alkyl radicals are indicated. (b) Singly occupied molecular orbitals of 
the allylic alkyl radicals formed from H atom abstraction reactions computed using (from top to bottom) 
CASSCF(3,3)/cc-pVDZ, UM06-2X/6-31+G(d) and UHF/6-31+G(d).  
 
Figure 4.10 shows that in all three H atom abstraction cases, the unpaired electron resulting from 
H atom abstraction is delocalized across the adjacent double bond resulting in two areas of 
significant electron density as expected of an allylic alkyl radical. While chemical intuition may 
suggest that the unpaired electron is localized on the most substituted position, the calculations 
demonstrate that the electron density is distributed evenly. These quantum chemical calculations 
suggest that the resonance-stabilized allylic R radicals formed from H atom abstraction reactions 
during squalene oxidation are delocalized. As a result one might expect sixteen C30H49OH 
alcohol isomers to be formed from the reaction of allylic R radicals with O2 and OH radicals. 
However, only twelve TMS-derivatized C30H49(OTMS) alcohol isomers are detected at ~ 1 % 
and 10 % [O2]. 
  
One possible explanation for the detection of only twelve TMS-derivatized C30H49(OTMS) 
alcohol isomers is that some of the alcohol isomers may have similar volatilities, causing them to 
co-elute with one another. It is also possible that some of the allylic R radicals (i.e. tertiary vs. 
secondary vs. primary) are more reactive towards O2 and OH radicals than others,4,10 resulting in 
only twelve C30H49OH alcohols being formed. It is important to note that without the resonance 
stabilization of allylic R radicals, only a maximum of eight different TMS-derivatized 
C30H49(OTMS) alcohol isomers can be formed. Therefore the detection of twelve TMS-
derivatized C30H49(OTMS) alcohol isomers demonstrates that these allylic R radicals undergo 
resonance stabilization. 
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Previous studies27-30 have shown that R radicals react with O2 to form peroxy radicals, which 
self-react to form particle phase products with one alcohol group (C30H49OH) or one carbonyl 
group (C30H48O). C30H48O carbonyl products are not detected. Given the detection limits of the 
two-dimensional gas chromatography-mass spectrometry technique (0.4 ng), the air volume 
sampled during aerosol filter collection (18 L), and the filter sample area analyzed (0.41 cm2), 
this indicates that less than 1 µg/m3 (calculated based on the initial mass concentration of 
unreacted squalene aerosol) of C30H48O carbonyl products are formed. Previous condensed phase 
studies31,35,36 have similarly observed the formation of excess alcohol products (relative to 
carbonyl products) from peroxy radical self-reaction, and these studies cite the temperature of the 
reaction and the viscosity of the solution as possible reasons for the observed product 
distribution. Analogous to these condense phase studies,31,35,36 it is possible that the temperature 
of the reaction and the viscosity of the particle are responsible for the very low yields of C30H48O 
carbonyl products (less than 1 µg/m3) formed in squalene oxidation. 
 
Three TMS-derivatized C30H50(OTMS)2 (m/z 588) diol isomers are detected at ~ 1 % and 10 % 
[O2]. Figure 4.6a shows that at ~ 1 % [O2], the total mass concentration of TMS-derivatized 
C30H50(OTMS)2 diol isomers increases and reaches a maximum of ~ 1810 µg/m3 at an OH 
exposure of ~ 1.5 × 1011 molec. cm-3 s. Figure 4.6b shows that at 10 % [O2], the total mass 
concentration of TMS-derivatized C30H50(OTMS)2 diol isomers increases and reaches a 
maximum of ~ 1140 µg/m3 at an OH exposure of ~ 9.6 × 1010 molec. cm-3 s. The un-derivatized 
molecular formula of these diol isomers is C30H50(OH)2, which corresponds to the addition of 
two O atoms and two H atoms to the squalene molecule. Based on the reaction mechanism 
shown in Figure 4.7, these C30H50(OH)2 diol product isomers are formed by chain termination 
reactions between OH radicals and hydroxyalkyl radicals (R4) at ~ 1 % and 10 % [O2]. At high 
[O2], C30H50(OH)2 diols can also be formed by H atom abstraction reactions by hydroxyalkoxy 
radicals (R7).  
 
Figure 4.11 shows the VUV mass spectra of the three TMS-derivatized C30H50(OTMS)2 diol 
isomers. Also shown are ion fragmentation patterns that explain the characteristic ion peaks in 
the VUV mass spectra. Fragment ions (m/z 498) corresponding to the loss of the HOTMS 
species are present in the VUV mass spectra of the three TMS-derivatized C30H50(OTMS)2  diol 
product isomers. The α–cleavage process is the dominant fragmentation pathway, producing m/z 
131 and 144 ions in Figure 4.11a, m/z 199 and 212 ions in Figure 4.11b, and m/z 267 and 280 
ions in Figure 4.11c.  
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Figure 4.11. VUV mass spectra of the TMS-derivatized C30H50(OTMS)2  diol product isomers (m/z 588). 
Figure insets in panels (a − c) show the ion fragmentation patterns that explain the characteristic ion peaks 
observed in the mass spectra. In panels (a − c), the m/z 498 fragment ion is formed from the loss of 
HOTMS.  
 
4.3.1.2 Squalene Fragmentation Products 
 
Figure 4.6 shows that significant quantities of fragmentation products are formed during 
oxidation at 10 % [O2] relative to ~ 1 % [O2]. At 10 % [O2], the total mass concentration of the 
fragmentation products is approximately equal to the functionalization products. The higher 
abundance of fragmentation products at 10 % [O2] relative to ~ 1 % [O2] is consistent with the 
reaction mechanism shown in Figure 4.7 and the previous study of the OH + squalene reaction20 
presented in Chapter 3, both of which show that O2 promotes fragmentation reactions. These 

20

15

10

5

0

(a)

5

4

3

2

1

0

(b)

8

6

4

2

0
6005004003002001000

m/z

(c)

P
er

ce
nt

ag
e 

In
te

ns
ity

 (%
)

OTMS

OTMS

OTMS

OTMS

OTMS

OTMS

498 588

588498

498
588

131
144

199

267

280

m/z 131

m/z 144 144

m/z 199
m/z 212 

(- OTMS)

(- OTMS)

m/z 267
m/z 280
(- OTMS)

212



 

 93 

fragmentation reactions produce more volatile lower molecular weight oxygenated products via 
C-C bond scission along the carbon backbone.  
 
To identify which C-C bonds in squalene are most susceptible to cleavage during oxidation, the 
mass concentrations of the fragmentation products are plotted as a function of carbon number in 
Figure 4.12a. These classifications are made based on their retention times and parent molar 
masses. This analysis does not include fragmentation products with less than 10 carbon atoms 
since they are too volatile to be detected.  
 

 
Figure 4.12. (a) Squalene fragmentation products as a function of carbon number at 10 % [O2] and an OH 
exposure of 7.32 × 1010 molec. cm-3 s (oxidation conditions at which maximum fragmentation product 
concentration is obtained). (b) Schematic of the C-C bonds in hydroxyalkoxy radicals that are most likely 
to undergo scission to form fragmentation products with carbon numbers (I) 27, (II) 22 and 24, and (III) 
17 and 19. Also shown in (b) are the labeled carbon atoms in the squalene carbon backbone. 
 
Figure 4.12a shows that the fragmentation products are made up of alcohols and 
hydroxycarbonyls. The majority of fragmentation products contain multiple alcohol (OH) and 
carbonyl (C=O) functional groups. The observation that most of the fragmentation products are 
multi-functional is expected, since these fragmentation products still have C=C double bonds 
that are susceptible to further reaction with OH radicals and O2. 
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Figure 4.12a shows that the five most prominent carbon numbers of the fragmentation products, 
in order of decreasing abundance, are 22, 27, 17, 19 and 24. Based on the reaction mechanism 
shown in Figure 4.7, the large abundance of these fragmentation products can be explained by 
the dissociation of tertiary hydroxyalkoxy radicals via C-C bond scission (R9). As discussed 
previously in section 4.3.1.1, OH adds preferentially to the less substituted carbon of the C=C 
double bond (i.e. OH addition to C3, C7 and C11 of the squalene carbon backbone) during 
heterogeneous oxidation, leading to high yields of tertiary hydroxyalkoxy radicals at 10 % [O2]. 
In these tertiary hydroxyalkoxy radicals, the alkoxy radical is at C2, C6 and C10 of the squalene 
carbon backbone. Previous studies4,7-10,12,13,29,30 have shown that bond cleavage occurs at C-C 
bonds adjacent to the alkoxy radical. Here cleavage of the C2-C3 bond in the squalene carbon 
backbone (which is adjacent to the alkoxy radical at C2 of the squalene carbon backbone) leads 
to the formation of fragmentation products with carbon number 27 (I in Figure 4.12b). Similarly, 
cleavage of the C5-C6 and C6-C7 bonds in the squalene carbon backbone (which are adjacent to 
the alkoxy radical at C6 of the squalene carbon backbone) produce fragmentation products with 
carbon numbers 24 and 22, respectively (II in Figure 4.12b). Cleavage of the C9-C10 and C10-
C11 bonds in the squalene carbon backbone (which are adjacent to the alkoxy radical at C10 of 
the squalene carbon backbone) produce fragmentation products with carbon numbers 19 and 17, 
respectively (III in Figure 4.12b). 
 
Approximately 78 % of the total fragmentation product mass concentration consists of products 
with carbon numbers 17, 22 and 27, indicating that the three C-C bonds in the squalene carbon 
backbone that are most susceptible to cleavage are C10-C11, C6-C7 and C2-C3. This suggests 
that hydroxyalkoxy radical dissociation occurs primarily at C-C bonds that are adjacent to both 
the alkoxy radical and OH group. The close proximity of the OH group to the alkoxy radical 
likely increased the rates of C2-C3, C6-C7 and C10-C11 bond cleavage. This is verified by 
quantum chemical calculations shown in Figure 4.13. The barrier heights (Eb) and enthalpy 
energies (ΔH) of tertiary hydroxyalkoxy radical dissociation are calculated at the M06-2X level 
with the aug-cc-pvdz basis set using the Gaussian 0934 program. Figure 4.13 shows that cleavage 
of the C-C bond that is adjacent to both the alkoxy radical and OH group (pathway 2) has the 
lowest Eb amongst the three pathways, suggesting that it is most susceptible to bond cleavage. 
This observation is also consistent with previous aerosol oxidation studies, which showed that 
the presence of oxygenated functional groups (e.g. alcohols and carbonyls) greatly increases the 
rates of alkoxy dissociation reactions.10,12,15 
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Figure 4.13. Barrier heights (Eb) and enthalpies (ΔH) of the three possible fragmentation reaction 
pathways undertaken by a tertiary hydroxyalkoxy radical. 
 
4.3.2 Linolenic Acid Oxidation Product Analysis 
 
Figure 4.14 shows the distribution and relative abundance of particle phase linolenic acid 
oxidation products in a two-dimensional GC space at an OH exposure of 1.6 × 1011 molec. cm-3 s 
for ~ 1 % and 10 % [O2] (Figures 4.14a and 4.14b, respectively). Each circle represents a single 
compound and its relative abundance is represented by the size of the circle.  
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Figure 4.14. Relative abundance of linolenic acid and its oxidation products shown in a 2D GC space at 
OH exposure = 1.62 × 1011 molec. cm-3 s at (a) ~ 1 % and (b) 10 % [O2]. The x-axis is the first dimension 
(tR

1) and the y-axis is the second dimension (tR
2) retention time. In panels (a − b), each circle represents a 

single compound and its relative abundance is represented by the size of the circle. Derivatized linolenic 
acid C17H29CO(OTMS) is the orange circle located at tR

1 ~ 54.5 min and tR
2 ~ 0.7 s. The oxidation 

products are separated into five groups by their chemical formulas and delineated with different colors: all 
fragmentation products (black); derivatized C17H28CO(OTMS)2 alcohols (green); derivatized 
C17H30CO(OTMS)2 alcohols (blue); derivatized C17H29CO(OTMS)3 diols (red); and derivatized 
C17H28CO2(OTMS)2 hydroxycarbonyls (purple).  
 
TMS-derivatized linolenic acid C17H29CO(OTMS) (m/z 350, shown in orange in Figure 4.14) 
elutes at tR

1 ~ 54.5 min and tR
2 ~ 0.7 s. The fragmentation products (which elute at earlier tR

1 
than linolenic acid) have carbon numbers less than 18 and are shown in black in Figure 4.14. The 
functionalization products (which elute at later tR

1 than linolenic acid) are grouped based on their 
molecular formulas.  
 
Two groups of TMS-derivatized alcohol products are detected as functionalization products: 
C17H28CO(OTMS)2 (m/z 438, shown in green in Figure 4.14) and C17H30CO(OTMS)2 (m/z 440, 
shown in blue in Figure 4.14). Ten C17H28CO(OTMS)2 alcohol isomers are detected at ~ 1 % 
[O2] (Figure 4.14a), while only five C17H28CO(OTMS)2 isomers are detected 10 % [O2] (Figure 
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4.14b), indicating that [O2] influences the product isomer distribution. These C17H28CO(OTMS)2 
alcohol isomers elute at tR

2 ~ 0.7 s with tR
1 from ~ 58 to 61 min at both ~ 1 % and 10 % [O2]. At 

both ~ 1 % and 10 % [O2], six C17H30CO(OTMS)2 isomers are detected at tR
2 ~ 0.7 s with tR

1 
from ~ 58 to 61 min. Three TMS-derivatized diol isomers C17H29CO(OTMS)3 (m/z 528, shown 
in red in Figure 4.14) are detected at tR

2 ~ 0.7 s with tR
1 from ~ 61 to 64 min, while six TMS-

derivatized hydroxycarbonyl isomers C17H28CO2(OTMS)2 (m/z 454, shown in purple in Figure 
4.14) are detected at tR

1 from ~ 61 to 64 min and tR
2 from ~ 0.8 to 0.9 s. MSTFA derivatization 

decreases the polarities of the TMS-derivatized linolenic acid and its alcohol and diol 
functionalization products, causing them to have shorter tR

2 than the TMS-derivatized 
hydroxycarbonyl functionalization products.  
 
The mass concentrations of particle phase linolenic acid products are quantified using external 
standards as described in section 4.2. Figures 4.15a and 4.15b show the total mass concentrations 
of oxidation products, functionalization products and fragmentation products as a function of OH 
exposure at ~ 1 % and 10 % [O2], respectively. The standard deviations for the oxidation product 
mass concentrations are not known since it is unclear how the detection efficiencies of the 
external standards differ from that of the products. 
 

 
Figure 4.15. Total mass concentrations of linolenic acid oxidation products, functionalization and 
fragmentation products as a function of OH exposure at (a) ~ 1 % and (b) 10 % [O2]. 
 
A comparison of the mass concentrations of the squalene and linolenic acid oxidation products 
(Figures 4.4 and 4.15, respectively) suggests that the total abundance of linolenic acid products is 
significantly smaller than the squalene products. However this may not be the case since the 
detection efficiencies of linolenic acid oxidation products differ from that of squalene oxidation 
products. The majority of linolenic acid products have three or more oxygenated functional 
groups, while most of the squalene products have one or two oxygenated functional groups. As 
reported previously by Zhang et al.,13 highly oxygenated compounds (with three or more 
oxygenated functional groups) have low detection efficiencies in the gas chromatograph. 
Therefore these highly oxygenated linolenic acid products will be detected at lower efficiencies 
than the squalene products. In addition, the external standards used in product quantification 
have only one or two oxygenated functional groups, which may not be suitable for the 
quantification of the highly oxygenated linolenic acid products due to differing detection 
efficiencies. While these limitations prevent the accurate quantification of linolenic acid 
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oxidation products, it is still useful to quantify and compare the linolenic acid products at ~ 1 % 
and 10 % [O2] to gain insights into the role of [O2] on product formation.   
 
Figure 4.15a shows that at ~ 1 % [O2], the total mass concentration of oxidation products 
increases with OH exposure. The total mass concentration of oxidation products reaches a 
maximum value of ~ 760 µg/m3 at an OH exposure of ~ 1.8 × 1011 molec. cm-3 s. The total 
abundance of functionalization products is significantly larger than that of the fragmentation 
products at ~ 1 % [O2]. Approximately 95 % of the oxidation products are functionalization 
products, and approximately 5 % of the oxidation products are fragmentation products. The mass 
concentrations of functionalization and fragmentation products reach maximum values of ~ 750 
µg/m3 and 10 µg/m3, respectively, at an OH exposure of ~ 1.8 × 1011 molec. cm-3 s.  
 
Figure 4.15b shows that at 10 % [O2], the total mass concentration of oxidation products 
increases and reaches a maximum value of ~ 280 µg/m3 at an OH exposure of ~ 1.1 × 1011 
molec. cm-3 s. Similar to oxidation at ~ 1 % [O2], the total abundance of functionalization 
products is significantly larger than that of the fragmentation products at 10 % [O2]. 
Approximately 88 % of the oxidation products are functionalization products, and approximately 
12 % of the oxidation products are fragmentation products. The functionalization and 
fragmentation products reach maximum mass concentrations of ~ 250 µg/m3 and 30 µg/m3 at OH 
exposures of ~ 1.1 × 1011 and ~ 1.6 × 1011 molec. cm-3 s, respectively. The large abundance of 
functionalization products accompanied by very low yields of fragmentation products at ~ 1 % 
and 10 % [O2] indicate that functionalization pathways play more prominent roles in linolenic 
acid oxidation irrespective of [O2] (relative to squalene oxidation).  
 
The total mass concentration of oxidation products is larger at ~ 1 % [O2] than at 10 % [O2]. The 
differences in the total mass concentration of oxidation products can be attributed to differences 
in the functionalization product distribution at ~ 1 % and 10 % [O2]. For example, ten TMS-
derivatized C18H28O(OTMS)2 alcohol isomers are detected at ~ 1 % [O2], while only five such 
alcohol isomers are detected 10 % [O2]. This suggests that [O2] controls the formation of these 
alcohol products and consequently, the contribution of these alcohol products to the total mass 
concentration of oxidation products. The role that O2 plays in controlling the distribution of 
functionalization products will be discussed further in section 4.3.2.1. 
 
Due to the presence of a contaminant that co-elutes with the TMS-derivatized linolenic acid, the 
effective uptake coefficient for linolenic acid (γOH

LNA
) could not be determined from the EI-MS 

measurements.  Previous kinetic studies of the linolenic acid reaction19 presented in Chapter 2 
reported that γOH

LNA
 decreases when [O2] increases, implying that O2 promotes chain termination.  

 
4.3.2.1 Linolenic Acid Functionalization Products 
 
The majority of functionalization products is comprised of TMS-derivatized C17H28CO(OTMS)2, 
C17H30CO(OTMS)2, C17H29CO(OTMS)3 and C17H28CO2(OTMS)2 product isomers. The un-
derivatized molecular formulas of these products (obtained by substituting the “TMS” group 
with a H atom) are C17H28CO(OH)2, C17H30CO(OH)2, C17H29CO(OH)3 and C17H28CO2(OH)2. 
Kinetic studies19 presented in Chapter 2 indicate that these are all first generation 
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functionalization products. Figure 4.16 shows the evolution of C17H28CO(OTMS)2, 
C17H30CO(OTMS)2, C17H29CO(OTMS)3 and C17H28CO2(OTMS)2 mass concentrations as a 
function of OH exposure at ~ 1 % and 10 % [O2]. 
 

 
Figure 4.16. Total mass concentrations of derivatized C17H28CO(OTMS)2 alcohol, C17H30CO(OTMS)2 
alcohol, C17H29CO(OTMS)3 diol and C17H28CO2(OTMS)2 hydroxycarbonyl products as a function of OH 
exposure at (a) ~ 1 % and (b) 10 % [O2]. 
 
The formation of first generation C17H28CO(OH)2, C17H30CO(OH)2, C17H29CO(OH)3 and 
C17H28CO2(OH)2 functionalization products can be explained by the reaction mechanism 
proposed previously19 in Chapter 2. Figure 4.17 shows the reaction mechanism for the OH-
initiated oxidation of linolenic acid aerosol. The derivatized and un-derivatized molecular 
formulas of the products are also shown. Similar to the OH + squalene reaction,20 the OH + 
linolenic acid reaction is initiated by OH addition to the C=C double bond. 
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Figure 4.17. Reaction mechanism for the OH-initiated oxidation of linolenic acid (LNA) aerosol.19 R 
represents the generic alkyl radical formed by the abstraction of a H atom from a linolenic acid molecule. 
The un-derivatized (bold text) and derivatized (regular text) molecular formulas of the detected first 
generation functionalization products are also shown. 
 
Six TMS-derivatized C17H30CO(OTMS)2 alcohol isomers are detected at both ~ 1 % and 10 % 
[O2]. The un-derivatized molecular formula of these alcohol isomers is C17H30CO(OH)2, which 
indicates that one O atom and two H atoms are added to the linolenic acid molecule. The 
formation of these C17H30CO(OH)2 alcohol product isomers can be explained by the chain 
reaction where a H atom is abstracted from a neighboring linolenic acid molecule by the 
hydroxyalkyl radical (R2 in Figure 4.17). The detection of six TMS-derivatized 
C17H30CO(OTMS)2 alcohol isomers can be attributed to the  molecular structure of linolenic 
acid. Linolenic acid is a linear molecule with six carbon sites that OH can add to form secondary 
hydroxyalkyl radicals. Since OH addition is predicted to be approximately equally rapid at the 
carbons in the C=C double bonds of linolenic acid,37 six different secondary hydroxyalkyl 
radicals are expected to be formed from OH addition to the C=C double bonds, resulting in the 
formation of six C17H30CO(OH)2 alcohol product isomers. 
 
Figure 4.16a shows that at ~ 1 % [O2], the total mass concentration of TMS-derivatized 
C17H30CO(OTMS)2 alcohol isomers increases and reaches a maximum of ~ 400 µg/m3 at an OH 
exposure of ~ 1.8 × 1011 molec. cm-3 s. Figure 4.16b shows that at 10 % [O2], the total mass 
concentration of TMS-derivatized C17H30CO(OTMS)2 alcohol isomers increases and reaches a 
maximum of ~ 30 µg/m3 at an OH exposure of ~ 1.6 × 1011 molec. cm-3 s. The total abundance of 
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these alcohol isomer products is larger at ~ 1 % [O2] compared to 10 % [O2], indicating that O2 
suppresses the formation of C17H30CO(OH)2 products. This suggests that the formation of 
secondary hydroxyperoxy radicals (R5 in Figure 4.17) becomes the dominant reaction pathway 
for hydroxyalkyl radicals at high [O2], effectively slowing down the chain propagation reaction 
that produces C17H30CO(OTMS)2 alcohol products (R2 in Figure 4.17).  
 
The importance of the secondary hydroxyperoxy radical intermediate at high [O2] is also 
reflected by the large abundance of TMS-derivatized C17H28CO2(OTMS)2 hydroxycarbonyl 
isomers at 10 % [O2] (relative to ~ 0 % [O2]). The un-derivatized molecular formula of these 
hydroxycarbonyl isomers is C17H28CO2(OH)2). Figure 4.18 shows the VUV mass spectra of the 
six TMS-derivatized C17H28CO2(OTMS)2 hydroxycarbonyl product isomers. Also shown are the 
ion fragmentation patterns that explain the characteristic ion peaks observed in the VUV mass 
spectra.  
 

 
Figure 4.18. VUV mass spectra for the TMS-derivatized C18H28O2(OTMS)2 hydroxycarbonyl product 
isomers (m/z 454). Figure insets in panels (a − f) show the ion fragmentation patterns that explain the 
characteristic ion peaks observed in the mass spectra. Prominent fragment ion peaks that could not be 
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identified are indicated by *. In panels (a − f), the m/z 364 fragment ion is formed from the loss of 
HOTMS. In panel (b), the m/z 383 fragment ion peak is formed from the loss of C6H13O2Si. In panel (c), 
the m/z 160 fragment ion is formed from the cleavage of the C4-C5 bond in the carbon backbone. 
 
Figure 4.16a shows that at ~ 1 % [O2], the total mass concentration of TMS-derivatized 
C17H28CO2(OTMS)2 hydroxycarbonyl isomers increases and reaches a maximum of ~ 60 µg/m3 
at an OH exposure of ~ 1.7 × 1011 molec. cm-3 s. This is ~ 9 % of the total mass concentration of 
functionalization products. At 10 % [O2], the total mass concentration of TMS-derivatized 
C17H28CO2(OTMS)2 hydroxycarbonyl isomers increases and reaches a maximum of ~ 170 µg/m3 
at an OH exposure of ~ 1.1 × 1011 molec. cm-3 s (Figure 4.16b), which is ~ 68 % of the total 
mass concentration of functionalization products. Since C17H28CO2(OH)2 hydroxycarbonyls 
make up the majority (~ 68 %) of the functionalization products at 10 % [O2] but are minor (~ 9 
%) functionalization products at ~ 1 % [O2], this indicates that O2 promotes the formation of 
these hydroxycarbonyl products. Based on the reaction mechanism shown in Figure 4.17, the 
only route for C17H28CO2(OH)2 hydroxycarbonyl product formation is the self-reaction of 
secondary hydroxyperoxy radicals (R6). At low [O2], the formation rate of secondary 
hydroxyperoxy radicals (R5) is slowed, leading to low yields of hydroxycarbonyl products. 
Conversely secondary hydroxyperoxy radicals are formed in high yields at high [O2]. These 
secondary hydroxyperoxy radicals can then self-react via the Russell and Bennett-Summers 
mechanisms27-31 to form C17H28CO2(OH)2 hydroxycarbonyl products (R6).  
 
The importance of hydroxycarbonyl product formation at high [O2] is also reflected by the γOH

LNA
 

values. Previous kinetic studies19 in Chapter 2 show that γOH
LNA

 decreases when [O2] increases 
(6.21 ± 0.17 at ~ 0 % [O2] vs. 5.73 ± 0.14 at 10 % [O2]), implying that O2 promotes chain 
termination. This is consistent with the reaction mechanism shown in Figure 4.17, which shows 
that secondary hydroxyalkyl radicals propagate the particle-phase secondary chain chemistry at 
low [O2] by reacting with neighboring linolenic acid molecules (R2). When increasing amounts 
of O2 are added to the reaction, the secondary hydroxyalkyl radicals can react with O2 to form 
secondary hydroxyperoxy radicals (R5) instead. These secondary hydroxyperoxy radicals can 
self-react via the Russell and Bennett-Summers mechanisms27-31 (R6) to form terminal 
oxygenated products (i.e. chain termination). This arrests the radical chain chemistry in the 
particle, causing γOH

LNA
 to decrease with increasing [O2]. 

 
In addition to C17H28CO2(OH)2 hydroxycarbonyl products, the self-reaction of secondary 
hydroxyperoxy radicals (R6 in Figure 4.17) also produces C17H29CO(OH)3 diols. 
C17H29CO(OH)3 diols can also be formed by the reaction of hydroxyalkyl radicals with OH (R4 
in Figure 4.17), and H atom abstraction reaction by secondary hydroxyalkoxy radicals (R8 in 
Figure 4.17). These diol products are detected as C17H29CO(OTMS)3 due to the MSTFA 
derivatization. Figures 4.2b − 4.2d show the VUV mass spectra of the three TMS-derivatized 
C17H29CO(OTMS)3 diol product isomers. Also shown are the ion fragmentation patterns that 
explain the characteristic ion peaks in the VUV mass spectra. The α–cleavage process is the 
dominant fragmentation pathway, producing m/z 397, 295 and 233 ions in Figure 4.2b, m/z 459, 
357 and 273 ions in Figure 4.2c, and m/z 417 and 317 ions in Figure 4.2d.  
 
At ~ 1 % [O2], the total mass concentration of TMS-derivatized C17H29CO(OTMS)3 diol isomers 
increases and reaches a maximum of ~ 30 µg/m3 at an OH exposure of ~ 1.7 × 1011 molec. cm-3 s 
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(Figure 4.16a), which is ~ 4 % of the total mass concentration of functionalization products.  At 
10 % [O2], the total mass concentration of TMS-derivatized C17H29CO(OTMS)3 diol isomers 
increases and reaches a maximum of ~ 30 µg/m3 at an OH exposure of ~ 1.1 × 1011 molec. cm-3 s 
(Figure 4.16b), which is ~ 15 % of the total mass concentration of functionalization products. 
This indicates that, unlike the hydroxycarbonyl products, the total mass concentration of diol 
products does not increase significantly when [O2] increases.  
 
One possible explanation for the observed diol product mass concentrations at 10 % [O2] is that 
hydroxycarbonyls (maximum concentration of ~ 170 µg/m3) are formed in excess of diol 
(maximum concentration of ~ 30 µg/m3) products in the self-reaction of secondary 
hydroxyperoxy radicals (R6 in Figure 4.17). Hearn et al.27 also observed excess carbonyl 
formation (relative to alcohols) in the Cl oxidation of dioctyl sebacate aerosol and attributed this 
to the importance of the Bennett-Summers mechanism at high [O2]. Unlike the Russell 
mechanism28-30 that produces alcohols and carbonyls in peroxy radical self-reaction, only 
carbonyls are produced in the Bennett-Summers mechanism.27,29-31 Analogous to the Cl + dioctyl 
sebacate reaction,27 it is possible that the Bennett-Summers mechanism dominates the secondary 
hydroxyperoxy radical self-reaction pathway in the OH + linolenic acid reaction, resulting in the 
excess formation of hydroxycarbonyl products (relative to diol products) at high [O2]. 
 
The excess formation of hydroxycarbonyl products (relative to diol products) at high [O2] can 
also be attributed to the fact that the H atom abstraction reaction by secondary hydroxyalkoxy 
radicals (R8 in Figure 4.17) is a minor reaction channel at high [O2]. As discussed previously20 in 
Chapter 3, low yields of hydroxyalkoxy radicals are formed from the secondary hydroxyperoxy 
radical self-reaction (R7 in Figure 4.17) at high [O2]. This is consistent with the results of 
Docherty et al.,38 which showed that alkoxy radical formation is a minor reaction pathway in 
peroxy radical self-reaction in the NO3 oxidation of oleic acid aerosol.  
 
Ten TMS-derivatized C17H28CO(OTMS)2 alcohol isomers are detected at ~ 1 % [O2], while only 
five such alcohol isomers are detected 10 % [O2]. At ~ 1 % [O2], the total mass concentration of 
TMS-derivatized C17H28CO(OTMS)2 alcohol isomers increases and reaches a maximum of ~ 
280 µg/m3 at an OH exposure of ~ 1.8 × 1011 molec. cm-3 s (Figure 4.16a), which is ~ 37 % of 
the total mass concentration of functionalization products. At 10 % [O2], the total mass 
concentration of TMS-derivatized C17H28CO(OTMS)2 alcohol isomers increases and reaches a 
maximum of ~ 30 µg/m3 at an OH exposure of ~ 1.6 × 1011 molec. cm-3 s (Figure 4.16b), which 
is ~ 15 % of the total mass concentration of functionalization products. The un-derivatized 
molecular formula of these alcohol isomers C17H28CO(OH)2 corresponds to the addition of one 
O atom to the linolenic acid molecule. These C17H28CO(OH)2 alcohol isomers are formed by the 
reaction of alkyl (R) radicals (formed by H atom abstraction reactions R2 and R8 in Figure 4.17) 
with O2 and OH radicals (R3 and R9 in Figure 4.17).  
 
The decrease in the number and total mass concentration of these alcohol product isomers with 
increasing [O2] can be explained by the reaction mechanism shown in Figure 4.17. At low [O2], 
secondary hydroxyalkyl radicals can propagate the particle-phase secondary chain chemistry by 
abstracting a H atom from a neighboring linolenic acid molecule to form R radicals (R2), which 
can react with O2 and OH radicals to form C17H28CO(OH)2 alcohol products (R3). When 
increasing amounts of O2 are added to the reaction, the secondary hydroxyalkyl radicals can 
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react instead with O2 to form secondary hydroxyperoxy radicals (R5), effectively slowing down 
the formation of R radicals (R2) and suppressing the formation of these C17H28CO(OH)2 alcohol 
products (R3). The formation of R radicals from H atom abstraction reactions by hydroxyalkoxy 
radicals (R8) is a minor channel at high [O2] since low yields of hydroxyalkoxy radicals are 
formed from the self-reaction of hydroxyperoxy radicals (R7).  
 
The detection of ten TMS-derivatized C17H28CO(OTMS)2 alcohol isomers at ~ 1 % [O2] can be 
attributed to the number of allylic H atoms in the linolenic acid molecule. While linolenic acid 
has 29 H atoms in C(sp3)-H bonds (along the carbon backbone) available for H abstraction, there 
are only 4 allylic C(sp3)-H sites. Allylic C(sp3)-H bonds have significantly lower bond energies 
than non-allylic C(sp3)-H bonds.32,33 Therefore the rate constants for H atom abstraction 
reactions may be higher at these 4 allylic C(sp3)-H sites. The allylic H atoms of linolenic acid are 
located at C8, C11, C14 and C17 of the linolenic acid carbon backbone (shown in Figure 4.19a). 
The allylic R radicals formed from H atom abstraction reactions are resonance stabilized. A total 
of 10 resonance-stabilized allylic R radicals can be formed (shown in Figure 4.19b), which 
results in the formation of ten C17H28CO(OH)2 alcohol products at ~ 1 % [O2]. 
 

 
Figure 4.19. (a) Allylic H atoms (bold) present in linolenic acid (located at C8, C11, C14 and C17 of the 
carbon backbone). (b) Structures of all 10 possible resonance-stabilized allylic R radicals formed from H 
atom abstraction reactions during linolenic acid oxidation. 
 
Previous studies27-30 have shown that R radicals can react with O2 to form peroxy radicals, which 
self-react to form particle phase products with one alcohol group (C17H28CO(OH)2) or one 
carbonyl group (C18H28O3). Similar to the squalene reaction, C18H28O3 carbonyl products are not 
detected. Given the detection limits of the two-dimensional gas chromatography-mass 
spectrometry technique (0.4 ng), the air volume sampled during aerosol filter collection (18 L), 
and the filter sample area analyzed (0.41 cm2), this indicates that less than 1 µg/m3 (calculated 
based on the initial mass concentration of unreacted linolenic acid aerosol) of C18H28O3 carbonyl 
products are formed in linolenic acid aerosol oxidation. Analogous to the squalene reaction, it is 
possible that the temperature of the reaction and the viscosity of the linolenic acid particle are 
responsible for the very low yields of C18H28O3 carbonyl products formed in linolenic acid 
oxidation. 
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4.3.2.2 Linolenic Acid Fragmentation Products 
 
At ~ 1 % [O2], the total mass concentration of fragmentation products reaches a maximum of ~ 
10 µg/m3 at an OH exposure of ~ 9.8 × 1010 molec. cm-3 s (Figure 4.15a). At 10 % [O2], the total 
fragmentation product mass concentration reaches a maximum of ~ 30 µg/m3 at an OH exposure 
of ~ 1.6 × 1011 molec. cm-3 s (Figure 4.15b). Fragmentation products makes up approximately 5 
and 12 % of the total mass concentration of oxidation products at ~ 1 % and 10 % [O2], 
respectively. The very low yields of fragmentation products at ~ 1 % and 10 % [O2] indicate that 
fragmentation is a minor channel in linolenic acid oxidation irrespective of [O2].  
 
The minor role that fragmentation plays in linolenic acid oxidation can be explained by the 
reaction mechanism shown in Figure 4.17. The only route for fragmentation product formation is 
via hydroxyalkoxy radical dissociation (R10). At ~ 1 % [O2], pathway R10 is suppressed since 
hydroxyperoxy radicals (and consequently hydroxyalkoxy radicals) are formed in low 
abundance. At 10 % [O2], secondary hydroxyperoxy radicals are formed in high yields. These 
secondary hydroxyperoxy radicals can self-react via the Russell and Bennett-Summers 
mechanisms27-31 (R6) to form terminal oxygenated products (i.e. chain termination). Even though 
secondary hydroxyalkoxy radicals can be formed from the self-reaction of secondary 
hydroxyperoxy radicals (R7), the low abundance of particle phase fragmentation products at 10 
% [O2] indicates that pathway R7 is a minor channel in the hydroxyperoxy self-reaction. This is 
consistent with the previous study of the OH + linoleic acid reaction19 presented in Chapter 3, 
which showed that the average number of C atoms in the linoleic acid molecule stays roughly 
constant at 18 during oxidation at 10 % [O2], indicating the low occurrence of C-C bond 
cleavage. These measurements are also consistent with that by Docherty et al.38 in the NO3 
oxidation of oleic acid aerosol, which showed that the formation of oxygenated products is a 
major reaction pathway while the formation of alkoxy radicals is of minimal importance.  
 
4.4 Conclusions 
 
The oxidation products from two model reaction systems, OH + squalene (C30H50, a branched 
alkene with six C=C double bonds) and OH + linolenic acid (C18H30O2, a linear carboxylic acid 
with three C=C double bonds), are analyzed to investigate the effect of molecular structure 
(branched vs. linear) on product formation in the heterogeneous OH-initiated oxidation of 
unsaturated organic aerosol. The oxidation products of squalene and linolenic acid are identified 
and quantified using two-dimensional gas chromatography-mass spectrometry. Oxidation 
products arising from secondary chain reactions are detected in large abundance in both reaction 
systems, indicating that secondary chain chemistry plays a major role in the heterogeneous 
oxidation of unsaturated organic aerosol.   
 
Functionalization products are the dominant products in squalene oxidation at ~ 1 % [O2], with 
89 % and 11 % of the total oxidation product mass concentration being functionalization and 
fragmentation products, respectively. At 10 % [O2], the total mass concentration of 
functionalization products is approximately equal to the fragmentation products. Analysis of 
squalene functionalization products reveals that oxidation is initiated predominantly by OH 
addition to the less substituted carbon of the C=C double bond. Functionalization products 
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originating from OH addition to the more substituted carbon of the C=C double bond are not 
observed, indicating that it is a minor reaction channel. The large abundance of squalene 
fragmentation products at 10 % [O2] is attributed to the formation and dissociation of tertiary 
hydroxyalkoxy radicals in the presence of O2. Analysis of squalene fragmentation products 
indicates that hydroxyalkoxy radical dissociation occurs primarily at C-C bonds that are adjacent 
to both the alkoxy radical and OH group.  
 
In contrast to squalene, functionalization products are the dominant products in linolenic acid 
aerosol oxidation at both ~ 1 % and 10 % [O2]. At ~ 1 % [O2], 95 % and 5 % of the total 
oxidation product mass concentration are functionalization and fragmentation products, 
respectively. At 10 % [O2], 88 % and 12 % of the total oxidation product mass concentration are 
functionalization and fragmentation products, respectively. The significantly lower yields of 
linolenic acid fragmentation products indicate that fragmentation is a minor reaction channel 
irrespective [O2]. Analysis of linolenic acid functionalization products shows that oxidation is 
initiated by OH addition to both carbons of the C=C double bond, leading to the formation of 
secondary hydroxyalkyl radicals. The distribution of linolenic acid functionalization products is 
governed by [O2], suggesting that O2 controls the functionalization pathways taken by the 
secondary hydroxyalkyl radical intermediate. 
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Chapter 5 
 
 

Real Time In Situ Chemical Characterization 
of Sub-micron Organic Aerosol Particles 
Using Direct Analysis in Real Time Mass 
Spectrometry (DART-MS) 
 

The content and figures of this chapter are reprinted or adapted with permission from Nah, T.; 
Chan, M.N.; Leone, S.R.; Wilson, K.R., ”Real Time In Situ Chemical Characterization of 

Submicrometer Organic Aerosol Particles Using Direct Analysis in Real Time Mass 
Spectrometry” Anal. Chem., 2013, DOI: 10.1021/ac302560c  

  
Direct analysis in real time mass spectrometry (DART-MS) is used to analyze the surface 
chemical composition of nanometer-sized organic aerosol particles in real time at atmospheric 
pressure. By introducing a stream of particles in between the DART ionization source and the 
atmospheric pressure inlet of the mass spectrometer, the aerosol is exposed to a thermal flow of 
helium or nitrogen gas containing some fraction of metastable helium atoms or nitrogen 
molecules. In this configuration, the molecular constituents of organic particles are desorbed, 
ionized and detected with reduced molecular ion fragmentation, allowing for compositional 
identification. Aerosol particles detected include alkanes, alkenes, acids, esters, alcohols, 
aldehydes and amino acids. The ion signal produced by DART-MS scales with the aerosol 
surface area rather than volume, suggesting that DART-MS is a viable technique to measure the 
chemical composition of the particle interface. Particle size measurements of the aerosol stream 
exiting the ionization region suggest that the probing depth depends upon the desorption 
temperature. The reaction of ozone with sub-micron oleic acid particles is measured to 
demonstrate the ability of this technique to identify products and quantify reaction rates in a 
heterogeneous reaction.  
 
5.1 Introduction 
 
On-line aerosol mass spectrometry is an important tool for aerosol aging studies due to its high 
sensitivity and ability to analyze the chemical composition of aerosol particles in real time.1 
Sampling and analysis artifacts associated with off-line sampling are also avoided. For most 
particle mass spectrometers, aerosol particles are introduced as a focused particle beam into a 
vacuum chamber where they are vaporized and ionized. A common ionization technique is 
electron impact (EI) ionization.2 EI, which typically ionizes neutral molecules with energetic 70 
eV electrons, is able to ionize a wide range of organic compounds. However, since the ionization 
energy of most large organic compounds is below 11 eV,3 EI imparts a significant amount of 
excess internal energy to the ionized molecule, causing it to dissociate into smaller fragment 
ions. Although EI has been used to quantity classes of aerosol particles via elemental 
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composition, molecular ions are often not visible in an EI mass spectrum, making molecular 
characterization of particulate matter with EI difficult.2,4-6 Alternatively, less energetic “soft” 
ionization techniques, such as chemical ionization7-9 and photoionization,10-13 have been used to 
analyze the chemical composition of organic aerosol. These “soft” ionization techniques impart 
significantly less excess internal energy to the ionized molecule, which results in minimal 
dissociation, leading to more direct identification of organics within the aerosol via their 
molecular ions.7-13  
 
Although a variety of particle mass spectrometers with different ionization techniques are 
currently being used in field and laboratory aerosol studies, they all generally involve the 
complete vaporization of the particle before ionization, thus yielding a mass spectrum that is 
representative of the entire particle (i.e. bulk composition). However, there may be structural and 
chemical inhomogeneity within the aerosol particle that can play a significant role in controlling 
the oxidation rate and mechanism. Chemical reactions may also occur either at the surface or in 
the bulk of the particle during the aerosol aging process to produce a variety of reaction products 
located at different regions of the particle interface. Although mass spectrometric surface 
characterization methods such as secondary ionization mass spectrometry (SIMS),14,15 desorption 
electrospray ionization (DESI),16-18 and extractive electrospray ionization (EESI)19-21 have been 
used to probe the chemical composition of the particle interface, these techniques tend to either 
require analysis under high vacuum conditions,14,15 off-line filter sampling prior to analysis,16-18 
or the use of charged solvent sprays.19-21 
 
Direct analysis in real time mass spectrometry (DART-MS) is an atmospheric pressure mass 
spectrometry ionization technique that has been applied to the analysis of gaseous, liquid and 
solid polar and non-polar samples without prior sample preparation.22,23 In DART-MS, samples 
are placed in between the ion source and the atmospheric interface inlet of a mass spectrometer, 
and they are exposed to a thermal stream of nitrogen (N2) or helium (He) gas containing some 
fraction of metastable atoms or molecules (e.g. He* or N2*) emitted by the ion source to induce 
desorption and ionization. Studies have shown that DART-MS is able to produce molecular ions, 
resulting in easy identification of analytes.22,23 Despite the widespread use of DART-MS in 
counterfeit drug identification,24,25 food analysis26,27 and detection of chemical warfare 
agents,28,29 it has yet to be applied to the real time analysis of sub-micron aerosol particles. 
 
This chapter reports the real time surface chemical characterization of sub-micron organic 
aerosol particles under ambient conditions using DART-MS. As described below, aerosol 
particles are introduced between the DART ion source and the atmospheric interface inlet of a 
mass spectrometer where the outermost surface layers of the aerosol particles are thermally 
desorbed, ionized and analyzed by a mass spectrometer. Quantitative measurements are 
presented to show that DART-MS chemically characterizes the particle interface. The reaction of 
sub-micron oleic acid particles with O3 is also used to demonstrate the ability of DART-MS to 
identify products and quantify reaction rates in heterogeneous reactions in a laboratory setting.  
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5.2 Experimental Methods 
 
5.2.1 DART Mass Spectrometry 
 
All experiments are performed using a commercial DART ion source (IonSense: DART SVP 
with Vapur Interface) interfaced to an atmospheric pressure ionization triple quadrupole time-of-
flight mass spectrometer (API-QTOF-MS, SCIEX Model QSTAR XL). Helium is used as the 
DART gas in all measurements unless specified otherwise. Figure 5.1 shows the experimental 
setup used for DART-MS analysis of aerosol particles. 
 

 
Figure 5.1. Schematic of the experimental setup used for DART-MS analysis of aerosol particles. 
 
Since detailed descriptions of the DART ion source have previously been published,22,23 only a 
brief overview is given here. Helium gas is introduced into chamber 1 of the DART ion source, 
which contains a discharge needle (shown as (i) in Figure 5.1) that is operated at 3600 – 5000 V 
to generate a glow discharge, which produces electrons, ions and metastable species in the gas 
stream. The gas stream flows through a grounded perforated electrode (shown as (ii) in Figure 
5.1) into chamber 2 of the DART ion source that can be heated to 25 – 500 °C (referred to as the 
DART heater temperature) before exiting the ion source at 2 L/min into the open air through a 
grid electrode (shown as (iii) in Figure 5.1) that is operated at 360 V to remove unwanted ions 
from the gas stream. The API-QTOF-MS is operated in both positive and negative ion modes, 
with a resolving power of ~ 10000 and ~ 6000 respectively at m/z 300.  
 
A constant stream of sub-micron aerosol particles entrained in N2 gas (0.7 L/min) is introduced 
between the DART ion source and the API-QTOF-MS inlet, through a stainless steel tube of 0.7 
cm inner diameter. The stainless steel tube is positioned 0.45 cm away from the API-QTOF-MS 
inlet. The DART ion source is positioned at a 45° angle relative to the API-QTOF-MS inlet. This 
allows for efficient collection of ions while preventing aerosol particles from being directed into 
the API-QTOF-MS inlet. The region in between the DART ion source and the API-QTOF-MS 
inlet is where the aerosol stream interacts with the He gas flow and is referred to as the ionization 
region. Each mass spectrum is collected using a 1 s ion accumulation time and averaged over 2 
min of sampling unless specified otherwise. All measurements are carried out in triplicate.  
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The ion signal generated by the aerosol particles depends sensitively on the distance between the 
DART ion source and the API-QTOF-MS inlet. Figure 5.2a shows the ion signal of 180 nm oleic 
acid aerosol particles (450 µg/m3 mass concentration) as a function of distance between the 
DART ion source and the API-QTOF-MS inlet, as measured by Chan et al.30 In this study, the 
measurements are performed using DART heater temperature 400 °C and the same experimental 
setup as the one shown in Figure 5.1.  
 

 
Figure 5.2. Measurements by Chan et al.30 (a) Ion signal produced by 180 nm oleic acid aerosol particles 
(450 µg/m3 mass concentration) as a function of the distance between the DART ion source and API-
QTOF-MS inlet. (b) Air temperature in the ionization region as a function of the distance between the 
DART ion source and API-QTOF-MS inlet. Error bars in (a) – (b) represent 2 standard deviations.  
 
Figure 5.2a shows that larger ion signals are detected when the distance between the DART ion 
source and API-QTOF-MS inlet is short. No ion signal is detected when the DART ion source is 
more than 2.5 cm away from the API-QTOF-MS inlet. 
 
The distance between the DART ion source and the API-QTOF-MS inlet can influence the air 
temperature in the ionization region. Figure 5.2b shows the air temperature in the ionization 
region as a function of distance between the DART ion source and the API-QTOF-MS inlet, as 
measured by Chan et al.30 These measurements are performed using a thermocouple placed 
directly opposite (line-of-sight) from the stainless steel tube that delivers particles into the 
ionization region. As shown in Figure 5.2b, the measured air temperature decreases when the 
distance between the DART ion source and the API-QTOF-MS inlet increases. 
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Figure 5.2 shows that the decrease in ion signal is similar to the decrease in ionization region air 
temperature. Chan et al.30 concluded that the distance-dependent decrease in ion signal 
originates, in part, from the decrease in temperature, which ultimately decreases the quantity of 
desorbed material for ionization and detection. Since the gas stream from the DART ion source 
helps to direct gas phase analyte ions into the API-QTOF-MS inlet, the distance-dependent 
decrease in ion signal can also be attributed to the decrease in ion collection efficiency when the 
distance between the DART ion source and the API-QTOF-MS inlet is increased.  
 
For all subsequent measurements, the stainless steel tube is positioned 0.3 cm and 0.45 cm away 
from the DART ion source and API-QTOF-MS inlet, respectively. The typical aerosol particle 
number concentration introduced between the DART ion source and the API-QTOF-MS inlet is 
1 × 104 – 1 × 106 particles/cm3. The chemical composition of the particle interface is measured 
when particles are introduced directly into the ionization region and analyzed by setting the 
DART heater temperature to 300 – 500 °C. No ion signal is detected when the DART heater 
temperature is less than 250 °C (i.e. thermal desorption is not significant enough to generate 
sufficient gas phase species for ionization). For selected experiments, the stainless steel tube that 
delivers the particles to the ionization region is heated to 250 – 400 °C. In this mode of 
operation, the particles are completely vaporized prior to ionization, thus yielding a mass 
spectrum representative of the entire particle (i.e. bulk composition). Complete vaporization of 
the particles in this configuration is verified using a scanning mobility particle sizer (SMPS, TSI 
Inc. Model 3936). In this method, the ion signal can be recorded at a DART heater temperature 
of 25 °C or higher since the particle constituents enter the ionization region as gas phase species. 
 
5.2.2 Aerosol Generation 
 
The list of single component model aerosol particles studied using DART-MS is shown in Table 
5.4 (in section 5.3.1). Aerosol particles are generated in two ways. In the first method, particles 
are formed by homogeneous nucleation in a stream of N2 gas flowing through a ~ 45 cm long 
Pyrex tube containing the pure solid or liquid organic sample, which is heated in a tube furnace 
to 105 – 135 °C. Particles formed by homogeneous nucleation have a lognormal particle size 
distribution with a geometric standard deviation of ~ 1.5 and a mean surface weighted diameter 
of ~ 100 – 140 nm. The aerosol is then passed through an annular charcoal denuder to remove 
residual gas phase organics that may be produced in the furnace. In the second method, 
polydisperse particles are generated using a constant output atomizer (TSI Inc. Model 3076). In 
this method, a 0.5 – 1 g/L aqueous solution is prepared by dissolving pure solid or liquid organic 
samples in water or methanol. Particles formed by atomization are passed through a diffusion 
drier containing silica; the resulting particles have a lognormal particle size distribution with a 
geometric standard deviation of ~ 1.4 – 1.6 and a mean surface weighted diameter of ~ 130 – 170 
nm. In selected experiments, the polydisperse particles are passed through a differential mobility 
analyzer (DMA) column (TSI Inc. Model 3081) where they are size-selected to produce a mono-
disperse particle stream.  
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5.2.3 Ionization Mechanism 
 
In DART-MS, analytes are ionized under ambient conditions (i.e. atmospheric pressure) through 
a series of reactions to produce ions. Since detailed descriptions of the different ionization 
channels have been published,22,23,31-35 only a brief description of the dominant ionization 
channels is given here in order to explain the aerosol mass spectra observed in Table 5.4 (in 
section 5.3.1). In the positive ionization mode, protonated water clusters are formed via Penning 
ionization when the gaseous metastable He species (He*) emitted from the ion source react with 
atmospheric water molecules (H2O):  

  He* (g) + nH2O (g)  He (g) + [(H2O)n-1H]+ (g) + OH- (g)  (5.1) 
These protonated water clusters react with thermally desorbed analyte molecules (M) to form 
protonated molecular ions: 

[(H2O)n-1H]+ (g) + M (g)  [M + H]+ (g) + nH2O (g)   (5.2) 
He* species also react with atmospheric oxygen molecules (O2) to form oxygen molecular ions 
(O2

+). Deprotonated ([M - H]+) and odd electron (M+) molecular ions are formed through a 
reaction sequence involving charge exchange and hydride abstraction reactions with O2

+ ions:  
He* (g) + O2 (g)  He (g) + O2

+ (g) + e-    (5.3) 
O2

+ (g) + M (g)  M+ (g) + O2 (g)    (5.4) 
O2

+ (g) + M (g)  [M - H]+ (g) + HO2 (g)   (5.5) 
 
In the negative ionization mode, the electrons produced in the DART ion source undergo capture 
by ambient O2 to produce oxygen anions (O2

-): 
O2 (g) + e-  O2

- (g)     (5.6) 
The oxygen anions react with thermally desorbed analyte molecules through proton abstraction 
and charge transfer reactions to produce analyte anions (i.e. [M - H]- and M-): 

O2
- (g) + M (g)  [M - H]- (g) + HO2 (g)   (5.7) 

O2
- (g) + M (g)  M- (g) + O2 (g)    (5.8) 

 
5.2.4 O3 Reaction of Oleic Acid Particles Experiments 
 
The experimental setup used to study the reaction of oleic acid particles with ozone (O3) is 
shown in Figure 5.3. Polydisperse oleic acid aerosol particles generated via homogeneous 
nucleation are passed through a DMA column where the particles are size-selected to generate 
mono-disperse particles. The ratio of sheath to sample flow rates in the DMA column is 10. O3 is 
generated by passing an O2/N2 gas mixture through a separate photochemical cell containing a 
Hg pen-ray lamp (UVP, LLC.) that is 22.9 cm in length. This stream of gases and particles is 
passed through a 153 cm long 2.5 cm inner diameter flow tube reactor. The concentration of O3 
entering the flow reactor is varied by changing the O2/N2 dilution ratio in the photochemical cell 
and is measured by an ozone monitor (2B Technologies Model 202). The total flow going into 
the reactor is 1 L/min, which corresponds to a reaction time of 45 s. Upon exiting the reactor, the 
aerosol stream passes through an annular Carulite catalyst denuder and an activated charcoal 
denuder that removes O3 and gas phase species from the aerosol stream respectively. A portion 
of the aerosol stream (0.3 L/min) is then sampled by a SMPS (TSI Inc. Model 3936) to measure 
the particle size distribution and the aerosol mass and number concentrations. The remaining 
flow (0.7 L/min) is directed into the DART ionization region. 
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Figure 5.3. Schematic of the experimental setup used for the study of the reaction of oleic acid aerosol 
with O3. 
 
5.3 Results and Discussion 
 
5.3.1 DART-MS Analysis of Known Organic Aerosol Particles 
 
Since field measurements have shown that atmospheric organic aerosol is made up of both multi-
functional reduced and oxygenated organic compounds,36,37 a series of single component reduced 
(e.g. squalane) and oxygenated (e.g. citric acid) sub-micron model aerosol particles generated 
from various organic molecules of different chemical functionalities are analyzed by DART-MS 
in real time. Aerosol particles are directly introduced into the ionization region and are analyzed 
using DART heater temperature 500 °C. The low degree of fragmentation in the mass spectra 
makes it easy to identify the various molecular ions. Results of these studies are summarized in 
Table 5.4.  
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Table 5.4. a Aerosols generated by homogeneous nucleation; b Aerosols generated by atomization; * 
Aerosols are analyzed in the negative ion mode only; - Molecular constituents of the organic particles not 
detected 
 
Sub-micron organic particles containing alkane, alkene, carboxylic acid, ester, alcohol and amino 
acid molecules are all detected in the positive ion mode. The alkene, carboxylic acid, ester, 
alcohol and amino acid molecules are detected primarily as protonated molecular ions [M + H]+, 
formed via proton transfer reactions (Equation 5.2). In contrast, the mass spectra obtained for 
particles containing alkane molecules contain ion peaks representing [M - H]+ ions formed from 
hydride abstraction reactions (Equation 5.5), and ion peaks representing [(M + O) - H]+ and [(M 
+ 2O) - 3H]+ ions that could be a result of ion association reactions between the [M - H]+ ions 
and atmospheric O2 molecules present in the ionization region. Similar peaks are observed by 
Cody et al.22 in their DART-MS analysis of n-hexadecane. Protonated molecular ions are not 

Class Aerosol Chemical  
Formula 

Positive  
Ion Mode 

Negative 
Ion Mode 

Alkane Squalane a C30H62 [M-H]+, 
[(M+O)-H]+, 

[(M+2O)-3H]+  

- 

 Triacontane a C30H62 [M-H]+, 
[(M+2O)-3H]+ 

- 

Alkene Squalene a C30H50 [M+H]+ - 
Carboxylic 

acid  
Oleic acid a C18H34O2 - [M-H]- 

Suberic acid b C8H14O4 [M+H]+ [M-H]- 
  Citric acid b C6H8O7 [M+H]+ [M-H]- 
 1,3,5-cyclohexane 

triacarboxylic acid b 
C9H12O6 * [M-H]- 

 Acetylsalicyclic acid b C7H10O5 * [M-H]- 
 Ketoglutaric acid b C5H6O5 * [M-H]- 
 Diglycolic acid b C4H6O5 * [M-H]- 
 Malic acid b C4H6O5 * [M-H]- 
 4-ketopimelic acid b C7H10O5 * [M-H]- 
 Tricarballylic acid b C6H8O6 * [M-H]- 
 Pinonic acid b C10H16O3 * [M-H]- 
 Oxaloazalaic acid b C9H14O5 * [M-H]- 

Ester Bis(2-ethylhexyl) 
sebacate a 

(CH2)8(COOC8H17)2 [M+H]+ - 

Alcohol Erythritol b C4H10O4 [M+H]+ [M-H]- 
 Xylitol b C5H12O5 * [M-H]- 
 Mannitol b C6H14O6 * [M-H]- 

Aldehyde 1-Nonanal b C9H18O - [M-H]-, 
[(M+O)-H]- 

  1-Hexanal b C6H12O - [M-H]-, 
[(M+O)-H]- 

Amino 
acid 

Tryptophan b C11H12N2O2 [M+H]+ [M-H]- 
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observed in the mass spectra of alkane molecules since alkanes do not undergo proton transfer 
reactions due to their low proton affinities.  
 
Sub-micron organic particles containing carboxylic acid, alcohol, aldehyde and amino acid 
molecules are also detected in the negative ion mode. Carboxylic acid and alcohol molecules are 
detected as deprotonated molecular ions [M - H]-, which could be formed via proton abstraction 
reactions (Equation 5.7). In addition to being detected as deprotonated molecular ions [M - H]-, 
particles containing aldehyde molecules are also detected as [(M + O) - H]- ions. The origin of 
these [(M + O) - H]- ions is not clear, but they could be fragments of products formed by ion 
association reactions between [M - H]- ions and atmospheric O2 molecules present in the 
ionization region.  
 
5.3.2 Chemical Characterization of the Organic Aerosol 
Particle Interface 
 
The DART ion source contains a heater to facilitate thermal desorption from the aerosol interface 
by He. Even though heat dissipation from the He gas stream once it exits the ion source into the 
environment causes the temperature of the ionization region to be lower than that of the DART 
heater, there is still a concern that the aerosol particles are completely vaporized prior to 
ionization resulting in bulk analysis of the entire particle. To show that DART-MS chemically 
characterizes the particle interface instead of the entire particle, the deprotonated molecular ion 
signal (m/z 281) of mono-disperse 150, 190 and 225 nm diameter oleic acid particles is measured 
in the negative ion mode at fixed aerosol mass and particle number concentrations using the 
maximum DART heater temperature 500 °C. The temperature in the middle of the ionization 
region, where the aerosol is introduced, is measured to be ~ 160 °C, which is much lower than 
that in the DART ion source itself. 
 
In the first set of measurements, the total aerosol mass concentration of the particle stream 
entering the ionization region is fixed at 660 µg/m3 for three particle sizes (diameter = 150, 190 
and 225 nm). Figure 5.5a shows the evolution of the ion signal (normalized to the ion signal 
generated by 150 nm particles) as a function of particle size. Despite the same total quantity of 
material (660 µg/m3) introduced for each particle size into the ionization region, the ion signal is 
observed to decrease with increasing particle diameter. If the ion signal were merely sensitive to 
the total quantity of material (660 µg/m3), it is expected that the signal would be independent of 
particle size and scale with the total particle volume (r3) (shown as a dashed line in Figure 5.5a). 
Instead, an inverse correlation with particle size is observed, with the ion signal scaling as r2 
(shown as a solid line in Figure 5.5a). The observed correlation can be explained by the larger 
number of smaller particles (relative to larger diameters) that is required to achieve the same 
overall aerosol mass concentration (660 µg/m3) in the ionization region. The larger number of 
smaller particles have a larger total surface area for desorption relative to that of the smaller 
number of larger particles, thus causing the smallest particles to produce the largest ion signals.  
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Figure 5.5. (a) Ion signal (normalized to the ion signal generated by 150 nm particles) vs. particle 
diameter measured at a fixed oleic acid particle mass concentration of 660 µg/m3. The figure inset is a 
schematic of how a larger number of smaller particles (relative to larger diameters) is required to achieve 
the same overall aerosol mass concentration (660 µg/m3) in the ionization region. (b) Ion signal 
(normalized to the ion signal generated by 150 nm particles) vs. particle diameter measured at a fixed 
oleic acid particle concentration of 3.75 × 105 particles/cm3. The figure inset is a schematic of the size of 
particles introduced into the ionization region. In (a) and (b), the solid lines show the predicted instrument 
response if DART-MS measures the particle surface area, while the dashed lines show the predicted 
instrument response if the total number of oleic acid molecules in the particles is measured. (c) Mean 
particle diameter of size-selected oleic acid particles leaving the ionization region at different DART 
heater temperatures. (d) Linear detection range of mono-disperse oleic acid particles of diameter 150 ( ), 
190 ( ) and 225 ( ) nm. For this set of measurements, each mass spectrum is collected using a 1 s ion 
accumulation time and averaged over 2 min of sampling. The insert in Figure 5.5d shows the detection of 
mono-dispersed 150 nm diameter oleic acid particles. For the measurements shown in the insert, each 
mass spectrum is acquired for 2 min while using a 1 s ion accumulation time. The mass concentrations 
shown in Figure 5.5d and the insert are the aerosol mass concentrations of the oleic acid particles 
introduced in front of the DART ion source. Measurements in (a) – (d) are done by introducing particles 
directly into the ionization region. Measurements in (a), (b) and (d) are conducted using He as the DART 
gas, while measurements in (c) are conducted using N2 as the DART gas. Error bars in (a) – (d) represent 
2 standard deviations.  
 
This inverse correlation also indicates that the particles are not completely vaporized prior to 
ionization since the complete vaporization of particles would have resulted in an ion signal that 
is proportional to the total number of oleic acid molecules introduced into the ionization region, 
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which would consequently result in the ion signal being independent of particle size (shown as a 
dashed line in Figure 5.5a). Therefore this inverse correlation indicates that DART-MS 
chemically characterizes a fraction of the particle interface instead of the entire particle. 
 
To confirm that DART-MS is sensitive to the particle surface area, the number of particles in 
each size bin introduced into the ionization region is fixed at 3.75 × 105 particles/cm3. Figure 
5.5b shows the evolution of the ion signal (again normalized to the ion signal generated by 150 
nm particles) as a function of particle size for a fixed particle number density of 3.75 × 105 
particles/cm3. For this set of experiments, the ion signal is observed to increase with particle size, 
scaling with the square of the particle radius r2 (shown as a solid line in Figure 5.5b), again 
providing evidence that the ion signal is scaling with particle surface area rather than particle 
volume. This confirms that the particles are not completely vaporized prior to ionization since 
the complete vaporization of particles would have resulted in an ion signal that is proportional to 
the total number of oleic acid molecules introduced into the ionization region, resulting in an ion 
signal that scales with particle volume r3 (shown as a dashed line in Figure 5.5b).  
 
To estimate the probing depth of the DART-MS technique, changes in the size distribution of 
oleic acid particles transiting the ionization region is measured by a SMPS. These measurements 
are conducted using N2 as the DART gas since He gas prevents accurate measurements of ion 
mobility in the SMPS. Particles are sampled by the SMPS via an inlet that is placed directly 
opposite (line-of-sight) from the stainless steel tube that delivers particles into the ionization 
region. Figure 5.6 shows the particle size distributions of size-selected oleic acid particles (~ 
1.45 × 105 particles/cm3) entering the ionization region and leaving the ionization region at 
different DART heater temperatures.  
 

 
Figure 5.6. Particle number size distribution measurements for size-selected oleic acid particles entering 
the ionization region (black solid line), and leaving the ionization region at DART heater temperatures of 
25, 250, 400 and 500 °C (blue, red, purple and green dashed lines respectively).  
 
The concentration of particles leaving the ionization region is measured to be ~ 1 × 104 
particles/cm3 at the different DART heater temperatures. This reduction in the number of 
particles leaving the ionization region relative to the number of particles introduced into the 
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ionization region (~ 1.45 × 105 particles/cm3) results from dilution by the N2 stream (2 L/min) as 
well as deflection of the particle stream from the center line in the open ionization configuration.  
 
The mean aerosol size decreases due to desorption, when the DART heater temperature is 
increased from 25 °C to 500 °C. Figure 5.5c shows that the mean particle diameter decreases 
from 185 nm at a DART heater temperature of 25 °C, to 174 nm at a DART heater temperature 
of 500 °C. This suggests that the radial probing thickness for this particle size and type is on the 
order of 5 nm at a DART heater temperature 500 °C with N2 as the DART gas. The 
measurements shown in Figure 5.5c suggest that DART-MS can chemically characterize the 
particle interface and that the probing depth can be altered by increasing or decreasing the DART 
desorption temperature. Since these particle size measurements are conducted using N2, the 
probing thickness reported above should be regarded as a rough estimate, as N2 has a different 
heat capacity than He. 
 
A number of factors may influence the desorption rates and therefore the probing depth of the 
technique. Harris et al.31,32 showed that as the hot He gas stream mixes with the room 
temperature aerosol flow, thermal gradients in the ionization region may form. This can 
influence the residence time of aerosol in the ionization region and therefore the total quantity of 
desorbed material. The desorption rates and therefore probing depth are also controlled in part by 
the enthalpy of vaporization of the molecular constituents of the aerosol sampled. Chan et al.30 
investigated how the vapor pressures of different aerosol particles influence the ion signal. They 
found that the ion signals for more volatile aerosol particles are larger than those of less volatile 
aerosol particles. 
 
Kinetics measurements for heterogeneous reactions require linearity of ion signals with changes 
in particle composition. To determine if the ion signal linearly depends on the concentration of 
particles introduced into the ionization region, the linear detection range of size-selected oleic 
acid particles is quantified. In this set of measurements, each mass spectrum is collected using a 
1 s ion accumulation time and averaged over 2 min of sampling. The deprotonated oleic acid 
molecular ion signal is measured in negative ion mode as a function of aerosol mass 
concentration of mono-disperse particles introduced into the ionization region, which is varied 
using a homemade particle dilutor that alters the number of particles in the flow without 
changing the total flow rate. The aerosol mass concentration is measured using the SMPS. Figure 
5.5d shows the linear detection ranges of mono-disperse 150, 190 and 225 nm diameter oleic 
acid particles using a DART heater temperature of 500 °C. The ion signal is linearly dependent 
on the aerosol mass concentration over a large range, and it exhibits an inverse dependence on 
the particle size at any given aerosol mass concentration that is consistent with the measurements 
shown in Figure 5.5a. The linear detection ranges of oleic acid particles do not intersect the 
origin due to particle dilution in the ionization region by the He gas (2 L/min) emitted by the 
DART ion source. Even though these linear detection ranges are valid only for oleic acid 
particles measured in the negative ion mode, detection of other model aerosol particles (e.g. 
bis(2-ethylhexyl) sebacate) in the positive and negative ion modes are linear and show the same 
trend. 
  
The detection limit of DART-MS for aerosol particles depends on the sensitivity of the API-
QTOF-MS, the DART gas heater temperature, and the residence time of the aerosol particles in 
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the ionization region. The residence time of the aerosol particles in the ionization region is 
controlled by particle flow rate and the distance of the DART ion source and the API-QTOF-MS 
inlet relative to the particle stream. Using the experimental setup shown in Figure 5.1, 
polydisperse bis(2-ethylhexyl) sebacate and oleic acid particles are introduced into the ionization 
region at 0.7 L/min and analyzed using a DART heater temperature of 500 °C to determine the 
detection limit of the current DART-MS setup. Each mass spectrum is collected using a 1 s ion 
accumulation time and averaged over 2 min of sampling. With a signal-to-noise (S/N) ratio of ~ 
100, the detection limits for bis(2-ethylhexyl) sebacate and oleic acid particles are found to be ~ 
40 and 80 µg/m3, respectively. These detection limits are similar to total ambient aerosol mass 
concentrations in urban areas (50 – 200 µg/m3),38 although it should be noted that ambient 
particles contain many different species and the concentration of each species is on the order of 
ng/m3.  
 
The sensitivity of the mass spectrometer also plays a significant role in the detection limits of 
DART-MS for aerosol particles. For most mass spectrometers, the ion signal intensity can be 
improved by simply increasing the signal acquisition time. To demonstrate this, mono-dispersed 
150 nm diameter oleic acid particles are analyzed using a DART heater temperature of 500 °C 
while employing the experimental setup shown in Figure 5.1. In this set of measurements, each 
mass spectrum is acquired for 2 min while using a 1 s ion accumulation time. The insert in 
Figure 5.5d shows the signal intensity of the deprotonated oleic acid peak as a function of 
aerosol mass concentration of oleic acid particles introduced in front of the DART ion source. 
With a S/N ratio of ~ 2, the detection limit of mono-dispersed 150 nm diameter oleic acid 
particles is found to be ~ 3 µg/m3. With the advances in mass spectrometer technology, the 
ultimate sensitivity may be improved by a factor of 10 – 100 by simply using a modern API-
QTOF-MS instrument (e.g. AB SCIEX Triple TOF 5600). Further optimization of DART-MS 
sampling conditions and the use of modern mass spectrometry instrumentation are needed to 
achieve the sensitivity required for field studies. Nevertheless, the detection limit and the linear 
dynamic range of DART-MS for aerosol particles using the current experimental setup is more 
than adequate for laboratory studies where aerosol mass concentrations as high as 800 µg/m3 are 
used.  
 
5.3.3 Heterogeneous Reaction of Oleic Acid Aerosol with O3 
 
The ability of DART-MS to identify products and quantify reaction rates in heterogeneous 
reactions is demonstrated by the reaction between O3 and oleic acid particles. Oleic acid is 
susceptible to reaction with O3 due to the reactivity of its double bond. Figure 5.7 shows the 
chemical mechanism of the reaction between O3 and oleic acid. Addition of ozone across the 
double bond results in the formation of a primary ozonide, which decomposes when a pair of C-
C and O-O bonds breaks. Depending on which O-O bond breaks, the primary products formed 
after rearrangement of the Criegee intermediate are either azelaic acid and 1-nonanal (Pathway 1 
in Figure 5.7), or 9-oxononanoic acid and nonanoic acid (Pathway 2 in Figure 5.7).39-43 Since the 
reaction of oleic acid aerosol with O3 has been well studied, it serves as a benchmark for 
evaluating the use of DART-MS for heterogeneous oxidation kinetics. 
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Figure 5.7. Reaction mechanism for the ozonolysis of oleic acid. 
 
To determine if DART-MS is a viable tool for heterogeneous kinetics, the chemical composition 
of the entire oleic acid particle is measured and compared with previous studies that vaporize and 
ionize the entire particle. The stainless steel tube that delivers particles into the ionization region 
is heated to 250 °C, causing the particles to be completely vaporized prior to ionization. This is 
verified separately by directing the particle flow from the heated stainless steel tube to the 
SMPS. Although ion signals from the gas phase oleic acid molecules can be detected using a 
DART heater temperature of 25 °C, the DART heater is operated at 300 °C here to obtain a high 
S/N ratio and to avoid re-condensation of the oleic acid vapor. Figure 5.8 shows the mass spectra 
of oleic acid aerosol measured in the negative ion mode before and after exposure to O3.  
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Figure 5.8. DART mass spectrum of oleic acid (OA) aerosol, measured (a) before and (b) after exposure 
to O3 (~ 5 × 1014 molec. cm-3 s), recorded in negative ion mode. The mass spectra are normalized to the 
initial oleic acid parent ion peak intensity. Oxidation products at m/z 141, 157, 171 and 187, 
corresponding to 1-nonanal (NN), nonanoic acid (NA), 9-oxononanoic acid (OXA) and azelaic acid (AA) 
respectively, can be seen in (b). Particles are completely vaporized at 250 °C prior to DART ionization. 
 
In the absence of O3, only the deprotonated oleic acid molecular ion is seen at m/z 281. When 
exposed to O3, the deprotonated oleic acid molecular ion signal decreases, and peaks at m/z 141, 
157, 171 and 187 form, corresponding to the deprotonated molecular ions of 1-nonanal, nonanoic 
acid, 9-oxononanoic acid and azelaic acid appear respectively. Although our studies (shown in 
Table 5.4) indicate that pure 1-nonanal aerosol particles are detected at m/z 141 and 157 as [M - 
H]- and [(M + O) - H]- ions, respectively, the contribution of 1-nonanal to the ion signal at m/z 
157 is assumed to be insignificant since 1-nonanal has a high vapor pressure and is expected to 
evaporate quickly,44 thus resulting in low particle phase yields. These products are consistent 
with work previously reported,39-44 and they are consistent with the chemical mechanism shown 
in Figure 5.5. No products are detected in the positive ion mode. Although some studies have 
reported the formation of higher molecular weight oligomers formed from the secondary 
reactions between the Criegee intermediate and products,39,40 no higher molecular weight 
products are observed here.  
 
The heterogeneous reaction between O3 and oleic acid particles can be quantified by the uptake 
coefficient or reaction probability (γO3

OA
), which is defined as the fraction of O3-particle collisions 

that results in a reaction with oleic acid. The uptake coefficient of the entire oleic acid particle is 
measured by vaporizing the particles prior to DART ionization, and is compared with previous 
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studies that vaporize and ionize the entire particle. For this set of experiments, the stainless steel 
tube that delivers particles into the ionization region is heated to 250 °C, which ensures that all 
the particles are completely vaporized prior to ionization. The DART heater is operated at 300 
°C here to obtain a high S/N ratio and to avoid re-condensation of the oleic acid vapor.  
 
The uptake coefficient is measured by monitoring the loss of oleic acid in the particle using the 
m/z 281 deprotonated molecular ion peak as a function of O3 exposure (〈O3〉t⋅t), which is 
obtained from the product of O3 concentration in the flow reactor and the reaction time. Figure 
5.9a shows the decay of the oleic acid molecular ion signal as a function of O3 exposure, which 
is varied by changing the ozone concentration while keeping the reaction time fixed. The 
evolution of the reaction products (i.e. 1-nonanal, nonanoic acid, 9-oxononanoic acid and azelaic 
acid) is shown in Figure 5.9b.  
 

 
Figure 5.9. (a) Decay of oleic acid as a function of O3 exposure. The data set is fit to Equation 5.9 (solid 
line) as described in the text. The figure inset shows kOA as a function of inverse particle diameter (1/D). 
Error bars in the figure inset represent 2 standard deviations. (b) Evolution of 1-nonanal (NN), nonanoic 
acid (NA), 9-oxononanoic acid (OXA) and azelaic acid (AA) as a function of O3 exposure. Particles are 
completely vaporized at 250 °C prior to DART ionization. 
 
As shown in Figure 5.9, the evolutions of the products’ ion signals are inversely correlated to 
that of the oleic acid ion signal. The decay of the oleic acid molecular ion signal in Figure 5.9a is 
observed to be exponential, which is consistent with work previously reported by Hearn et al.39 
The exponential decay of the oleic acid molecular ion signal also indicates that the reaction is not 
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limited by O3 diffusion within the particle.39 The rate coefficient kOA for the reaction is obtained 
by fitting the exponential. 
 
To determine how O3 reacts with the oleic acid particle, kOA is measured as a function of particle 
size. The figure inset in Figure 5.9a shows the measured kOA as a function of inverse particle 
diameter (1/D). The observed inverse dependence of kOA on particle diameter is consistent with 
work previously reported by Hearn et al.,39 and it indicates that O3 reacts at the oleic acid particle 
surface. Using the methodology described by Smith et al.,45 the normalized decay of oleic acid in 
the particle can be fit using, 

[OA]
[OA]0

= exp(−kOA 〈O3〉t ⋅ t)     (5.9) 

where kOA is the rate coefficient, and [OA] and [OA]0 are the final and initial concentrations of 
the particle phase oleic acid respectively. The decay in Figure 5.9a is fit to Equation 5.9 to obtain 
kOA. γO3

OA
 is computed from,45  

γO3
OA =

2 ⋅ kOA ⋅Dsurf ⋅ρ0 ⋅NA

3⋅c
_
⋅MOA

    (5.10) 

where Dsurf is the mean surface-weighted particle diameter (measured by the SMPS), ρ0 is the 
initial oleic acid density, NA is the Avogadro’s number, c

_
 is the mean speed of gas phase O3, and 

MOA is the molar mass of oleic acid. Using Equation 5.10, the uptake coefficient measured for 
the entire oleic acid particle is computed to be 9.04 ± 0.09 × 10-4, which is within the range of 
previously reported values (8.0 × 10-4 – 1.38 × 10-3).39,41,42 These results demonstrate that 
DART-MS is able to identify products and quantify reaction rates in aerosol aging reactions, 
making it a potential technique for aerosol aging studies. 
 
Even though the measurements shown in Figures 5.8 and 5.9 are performed using particles that 
are completely vaporized prior to DART analysis, pre-vaporization of particles is not a 
prerequisite for kinetic measurements using the DART-MS technique. The reactive depletion of 
a particle constituent at the particle interface can be investigated by directly introducing particles 
in between the DART ion source and the API-QTOF-MS inlet. This is demonstrated by Figures 
5.10 and 5.11, which show the mass spectra of unreacted and reacted oleic acid particles (Figure 
5.10) and the exponential decay of the oleic acid molecular ion signal and the evolution of the 
products’ ion signals as a function of O3 exposure (Figure 5.11). In this set of measurements 
(Figures 5.10 and 5.11), particles are directly introduced, rather than pre-vaporized, into the 
ionization region and are analyzed using DART heater temperature 500 °C. Figure 5.12 shows 
how kOA changes with the DART probing depth. The DART probing depth is varied by changing 
the DART heater temperature. 
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Figure 5.10. DART mass spectrum of oleic acid (OA) aerosol, measured (a) before and (b) after exposure 
to O3 (~ 5 × 1014 molec. cm-3 s), recorded in negative ion mode. The mass spectra are normalized to the 
initial oleic acid parent ion peak intensity. Oxidation products at m/z 141, 157, 171 and 187, 
corresponding to 1-nonanal (NN), nonanoic acid (NA), 9-oxononanoic acid (OXA) and azelaic acid (AA) 
respectively, can be seen in (b). Particles are directly introduced, rather than pre-vaporized, into the 
ionization region and are analyzed using DART heater temperature 500 °C. 
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Figure 5.11. (a) Decay of oleic acid as a function of O3 exposure. The data set is fit to Equation 5.9 (solid 
line) as described in the text. (b) Evolution of 1-nonanal (NN), nonanoic acid (NA), 9-oxononanoic acid 
(OXA) and azelaic acid (AA) as a function of O3 exposure. Particles are directly introduced, rather than 
pre-vaporized, into the ionization region and are analyzed using DART heater temperature 500 °C. 
 

 
Figure 5.12. kOA as a function of DART probing depth. 
 
Similar to the mass spectra of completely vaporized unreacted oleic acid particles (Figure 5.8a), 
only the deprotonated oleic acid molecular ion is seen at m/z 281 in the mass spectrum obtained 
from the direct introduction of unreacted particles into the ionization region (Figure 5.10a). 
When exposed to O3, the deprotonated oleic acid molecular ion signal decreases, and peaks at 
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m/z 141, 157, 171 and 187 form, corresponding to the deprotonated molecular ions of 1-nonanal, 
nonanoic acid, 9-oxononanoic acid and azelaic acid appear respectively (Figure 5.10b). The 
kinetic evolution of oleic acid and its products from measurements obtained by introducing 
particles directly into the ionization region (Figure 5.11) are also consistent with those obtained 
from completely vaporized particles (Figure 5.9).  
 
Figure 5.12 shows that kOA decreases when the DART probing depth increases. This suggests 
that oleic acid is selectively depleted at the gas-particle interface from reaction with O3, and that 
mixing in the particle may not be occurring fast enough to replenish oleic acid at the gas-particle 
interface. It is currently unclear why this is the case since the estimated timescale for the reactive 
loss of oleic acid (1/ kOA⋅[O3], s) is several orders of magnitude (~ 2 × 105) longer than the 
mixing time in the particle.46 Using optical tweezers to study the ozonolysis of mixed oleic 
acid/sodium chloride particles, Dennis-Smither et al.47 found that the volume and refractive 
indices of the particles continued to change long after the exposure of the particle to O3 has 
ended. These results suggest that there may be some limitations to bulk transport within the 
particles, and should be an area of focus for further investigation. 
 
5.4 Conclusions 
 
DART-MS is used to analyze the surface chemical composition of sub-micron organic particles 
in real time. By introducing a stream of particles (at atmospheric pressure) in between the DART 
ion source and the atmospheric interface inlet of a mass spectrometer, molecules from aerosol 
surfaces are desorbed, ionized and detected. The ion signal generated by DART-MS scales with 
total particle surface area, thus suggesting that DART-MS is able to measure the chemical 
composition of the particle interfacial region. DART-MS is also able to identify products and 
quantify reaction rates in aerosol aging reactions, making it a potential technique for studying 
interfacial chemistry of organic aerosol particles. In addition, since DART-MS is capable of 
analyzing gaseous, liquid and solid compounds, it can be used to detect gas phase and particle 
phase products in gas phase and aerosol oxidation reactions. 
 
The results demonstrate several advantages of DART-MS for analysis of aerosol particles. First, 
aerosol particles are detected with reduced molecular ion fragmentation, allowing for 
unambiguous identification. This is particularly useful for detailed mechanistic studies in the 
laboratory for model aerosol reactions. To date, organic particles detected by DART-MS include 
alkanes, alkenes, acids, esters, alcohols, aldehydes and amino acids. Since DART ionization 
occurs at atmospheric pressure, the technique is not limited by the particle transmission 
characteristics of an aerodynamic lens, which is used by conventional particle mass 
spectrometers to deliver a collimated particle beam for mass spectrometry analysis in high 
vacuum. As such DART-MS can analyze both sub-50 nm and supra-micron aerosol particles 
whose size ranges are generally poorly transmitted by aerodynamic lens. Furthermore, DART-
MS can be used to analyze water droplets, a limitation of many particle mass spectrometers due 
to the large evaporation rates of water in the aerodynamic lens. 
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