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       Secondary organic aerosol (SOA) makes up a substantial portion of airborne particles. 

SOA particles are known to significantly impact air quality and climate, and to severely and 

negatively impact health.  A comprehensive understanding of physical and chemical processes 

governing particle formation and growth is needed to accurately predict particle effects.   

 

This thesis examines growth processes of organic particles by quantifying the 

incorporation of molecular probes (or tracers) into SOA particles from the ozonolysis of α-

pinene, prepared both with and without cyclohexane as an OH radical scavenger.  The 

incorporation into model organic solids with varying polarity and functionalities is also 

examined.  The tracers serve to probe properties such as (1) initial surface interactions occurring 

between the gas and solid phase, (2) magnitude of the partitioning of gases into particles or solid 

films, and (3) diffusivity changes during uptake and evaporation.  This work focuses 

predominantly on three gaseous organic nitrates (RONO2, 2-ethylhexyl nitrate, β-hydroxyhexyl 
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nitrate, and β-hydroxypropyl nitrate) as tracers, with some experiments using two gas phase 

organic nitriles (nonanenitrile and valeronitrile) for comparison.   

 

The first approach used attenuated total reflectance (ATR) FTIR to quantify initial uptake 

coefficients and bulk partition coefficients into thin films of triacontane (TC), cis-pinonic acid 

(PA), poly(ethylene adipate) di-hydroxy terminated (PEA), and impacted SOA particles both 

with and without an OH scavenger.  The gas phase tracer was introduced over the thin films in a 

flow of clean dry air.  The characteristic IR peaks of the organic nitrates were followed over time 

until equilibrium was established.  There was no measurable uptake onto TC for all of the 

organic nitrates, but uptake into films of PA, PEA and SOA was significant.  The subsequent 

desorption by flowing clean air over the film showed the uptake was reversible and non-reactive.  

Quantum chemical calculations provided binding energies and insight into the intermolecular 

interactions involved in uptake. Kinetic modeling of the diffusion throughout the films showed 

that the RONO2 acted as a plasticizer, with the diffusion coefficients increasing as more RONO2 

was taken up.  Upon desorption of the RONO2 from the surface layer, a ‘crusting’ effect was 

observed, hindering the diffusion from the underlying layers.  These studies demonstrate how 

uptake and evaporation of gases can lead to varying viscosity throughout particles. 

 

The second approach followed the incorporation of the tracers in the flow reactor during 

particle formation and growth.  The incorporation was quantified using ATR-FTIR and high 

resolution time-of-flight aerosol mass spectrometry.  The precursor concentrations were varied to 

examine how the particle diameter and organic mass loading affect the incorporation of the 

organic nitrates.  The amount of a given RONO2 taken up into the particles relative to its gas 
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phase concentration within the flow reactor was larger than the amount taken up into the thin 

films.  The results of these studies indicate that simultaneous incorporation of RONO2 and low 

volatility ozonolysis products into highly viscous particles may result in gas partitioning that is in 

excess of that expected for equilibrium partitioning.  This supports a new mechanism of particle 

growth in the atmosphere, an irreversible "burying mechanism".  These two systems show that 

growth of organic particles in air may not always be predicted via equilibrium considerations. 
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Chapter 1: Introduction 
 
1.1 Organic Aerosol Particles in the Atmosphere 

Atmospheric aerosols are comprised of a suspension of solid or liquid particulate matter 

in the surrounding gas in the atmosphere.  Aerosol particles are divided into categories based on 

their size: 1) coarse particles, defined as particles with an aerodynamic diameter greater than 2.5 

μm, 2) fine particles, with an aerodynamic less than or equal to 2.5 μm, and 3) ultrafine particles, 

typically defined as particles with an aerodynamic diameter less than 0.1 μm.1-4    These particles 

are of great importance as they have been shown to have adverse effects on human health.  

Inhalation of these particles has been linked to negative cardiovascular, respiratory, and 

pulmonary health outcomes.3-9   

 

Atmospheric particles have also been shown to impact climate.  Once these particles 

achieve a sufficient size (~50-100 nm diameter), they can reduce visibility and affect climate 

through their ability to absorb and scatter solar radiation, directly altering the radiative balance of 

Earth’s atmosphere.1, 10-11  Depending on their chemical composition and thus their 

hygroscopicity, these particles can also affect climate indirectly by acting as nuclei onto which 

water can condense to form cloud droplets.12-13  Both of these effects result in a net cooling of 

the Earth’s surface through negative radiative forcing, although the uncertainties are large due to 

the lack of understanding of these processes and their link to particle size, composition, and 

concentrations (Figure 1.1).14  
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Figure 1.1: Radiative forcing (W•m-2) for atmospheric species, relative to the year 1750.  The 
green box highlights the contribution from aerosols.  Figure adapted from Figure SPM.5 in 
IPCC, 2013: Summary for Policymakers.14 

      

Inorganic species are a major component of atmospheric particulate matter.  However, 

the particle composition can be dominated by organics in some regions, leading to organic mass 

contributing between 20-90% of the total mass of submicron aerosol particles.15-20  Ambient 

organic aerosols can be divided into two categories based on their sources.  Primary organic 

aerosol (POA) particles are emitted directly into the atmosphere from various sources including 

both anthropogenic such as mechanical processes or biomass burning, as well as biogenic 

sources which can be emitted from processes in Earth’s biosphere.21-26  Secondary organic 
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aerosol (SOA) particles are formed in the atmosphere from gas-phase or multi-phase chemistry.  

Volatile organic compounds (VOCs) emitted into the atmosphere from either anthropogenic or 

biogenic sources are oxidized by atmospheric oxidants such as OH radical, O3, and oxides of 

nitrogen.  This oxidation results in lower volatility products that can then contribute to SOA 

particles by either nucleating new particles or condensing onto existing particles to contribute to 

the particle growth process.27-30   

 

The VOC precursors for SOA have many sources, the majority of which are biogenic.31  A 

large fraction of these biogenic VOCs belong to a class of compounds called terpenes, consisting 

of unsaturated hydrocarbons whose structures are comprised of isoprene units.32-34  Figure 1.2 

shows the structure of α-pinene, one of the most abundant monoterpenes.35-36  Other 

monoterpenes have the same formula (C10H16) and include β-pinene, Δ3-carene, d-limonene, 

camphene, myrcene, and others.35, 37-38  

 

Figure 1.2: The structure of α-pinene. 

 
 
1.2 Particle Phase State and Mechanisms of Particle Growth 

The incorporation of gases into a particle or droplet (in the absence of any chemical 

reaction) involves several steps including diffusion through the gas phase to the surface, 

adsorption at the surface and mass accommodation, and diffusion through and incorporation into 

the bulk.39-41    Figure 1.3 shows a simple schematic of these steps.   
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Figure 1.3: A simple schematic of the steps involved in how a gaseous species (G) interacts with 
a particle or droplet in the absence of any chemical reaction.   

 

The phase of atmospheric particles has important implications for the mechanisms by 

which gases interact with the particles and contribute to the particle growth process.  For a liquid 

droplet, a thermodynamically-driven quasi-equilibrium can rapidly be established between the 

particle phase and the surrounding gas phase.30, 42-47  In this scenario, diffusion throughout a 

liquid droplet can be rapid, and thus mixing times will be fast (on the order of seconds or less), 

and these droplets can be well-mixed or homogeneous in nature.  

 

Many studies have shown that under some conditions, SOA can exist not as a low 

viscosity liquid but rather as a high viscosity semi-solid or glassy state.48-70 A study by Shiraiwa 

et al.71 showed that the majority of SOA particles in the troposphere around the globe will exist 

in a semi-solid or solid phase state.  In this case, the interactions of gases with the particle phase 

will occur on a slower timescale and will instead be driven by a kinetically limited, diffusion-

controlled mechanism.  Zaveri et al.72 showed that both the growth and evaporation kinetics of 
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bimodal SOA particles were best reproduced by a semi-solid scenario.  A study by Riipinen et 

al.73 was able to reproduce particle formation and growth measured in Hyytiälä, Finland when 

the model included a kinetic condensation mechanism.  Additionally, when modelling the 

dynamics of SOA formation and growth, Wang et al.74 found that a number of kinetic processes 

that occur simultaneously should be taken into account, rather than assuming a quasi-equilibrium 

approach. 

 

For highly viscous organic particles, these diffusion limitations can potentially result in a 

non-uniform or heterogeneous composition.  Different molecules or functionalities at the surface 

of the particle compared to the bulk will affect the interactions of gases with the surface of the 

particles, and thus particle growth.75-78  A study by Denjean et al.75 used a combination of 

aerosol mass spectrometry and X-ray photoelectron spectroscopy to show that for particles 

formed by the ozonolysis of α-pinene, the surface O:C ratio (outermost <10 nm) was lower than 

that of the bulk.   Although less directly atmospherically relevant, McIntire et al.76 found that 

aggregates formed from the ozonolysis of a self-assembled monolayer had a smaller O:C ratio at 

the surface compared to the bulk, suggesting they had a polar core with a less polar hydrophobic 

shell. These studies highlight the importance of understanding the nature of the particle surface 

and characterizing not only the specific functionalities found at the interface but also the overall 

average composition of atmospheric particles. 

 

Some studies have shown that diffusion limitations in viscous particles can also hinder 

re-evaporation of species into the gas phase.  Pfrang et al.79 showed that the chemical aging of 

particles resulted in the formation of a solid ‘crust’ at the surface, which reduced diffusivity 



6 
 
 

within the particle and inhibited the transport of molecules from the bulk to the surface.  A study 

using a particle core of limonene SOA coated with β-pinene SOA observed that the outer surface 

layer of the particles preferentially evaporates over the inner, observed in the hindered 

evaporation of the limonene core by the β-pinene SOA coating. 80   Additionally, Zelenyuk et 

al.81 showed that when polycyclic aromatic hydrocarbons (PAHs) are present during SOA 

formation, they are trapped within the SOA particle with limited evaporation observed, whereas 

when particles are formed and subsequently exposed to PAHs, the PAHs remain on the surface 

and evaporation is relatively fast.  Hindering re-evaporation into the gas phase can aid in the 

transport of pollutants across long distances.   

 

1.3 Organic Nitrates and Nitriles in the Atmosphere 

The predominant sources of nitrogen oxides (NO and NO2, referred to as NOx) in the 

atmosphere are anthropogenic, such as motor vehicle emissions and industrial combustion 

processes.82-83  NOx can subsequently react with ozone to form nitrate radical (NO3), an 

important oxidant controlling oxidation processes during night time.84-86  In ambient air, organic 

nitrates are formed from two main chemical pathways: the reaction of alkenes with NO3 radicals 

,87-92 or from radical-initiated oxidation processes in the presence of NOx through the pathways of 

the alkoxy and peroxy radicals,87-88, 93-96 including those shown in equations 1.1 and 1.2.  In 

equation 1.2, pathway 1.2a is the dominant pathway, resulting in production of an alkoxy radical, 

while pathway 1.2b forms an organic nitrate.97   

RH + OH + O2 
          
⎯⎯⎯  RO2 + H2O     (1.1) 

RO2 + NO 
          
⎯⎯⎯  [RO2NO] 

             
⎯⎯  RO + NO2   (1.2a) 

RO2 + NO 
          
⎯⎯⎯  [RO2NO] 

             
⎯⎯  RONO2    (1.2b) 
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Organic nitrates encompass a large group of molecules including alkyl and hydroxy nitrates 

that can exist in either the gas98-108 or the particle phases.104-105, 107, 109-113  Figure 1.4 shows the 

observed distribution of measured organic nitrates during the Southern Oxidant and Aerosol 

Study (SOAS) in the Southern United States during summer 2013.114  Overall, the aerosol-phase 

organic nitrates contributed about 40% of the total measured organic nitrates.  Many other field 

studies have shown that organic nitrates can comprise up to ~44% of the total organic aerosol 

particle mass.111-112, 115-117   

 

Figure 1.4: Distribution of measured organic nitrates during the Southern Oxidant and Aerosol 
Study (SOAS) in the Southern United States during summer 2013.  Figured adapted from Zare et 
al.114 

 
While organic nitrates are known to be prevalent species in polluted environments, organic 

nitriles have also been measured in the atmosphere.118-119  A study by Booyens et al.120 found 

that organic nitrile compounds were the second most abundant organic nitrogen species 

measured at a site in South Africa, comprising about 20% of the measured organic nitrogen-

containing species.  These species can form during the pyrolysis or combustion of a variety of 

nitrogen-containing molecules, and are often used as a marker for biomass burning.121-122  Due to 
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their characteristic functional groups and relevance to the chemistry of the Earth’s atmosphere, 

organic nitrates and nitriles were chosen as the molecular probes or tracers in the experiments 

studied here.   

 

1.4 Project Goals 

 The goal of this project is to examine the kinetics and mechanisms that govern how gases 

are taken up into the particle phase on a molecular level, which will expand understanding of the 

mechanisms by which particles grow in the atmosphere.  To probe this, this thesis follows the 

incorporation of three gaseous organic nitrates (2-ethylhexyl nitrate, β-hydroxyhexyl nitrate, and 

β-hydroxypropyl nitrate) and two organic nitriles (nonanenitrile and valeronitrile) into SOA 

particles formed from the ozonolysis of α-pinene under a variety of conditions. A comparison is 

made between experiments where the organic nitrates were incorporated during particle growth 

in a large-volume aerosol flow reactor, and experiments where they were incorporated into 

impacted particles after growth.  The organic nitrates and nitriles serve as molecular probes (or 

tracers) to provide insight into initial surface interactions occurring between the gas and particle 

phases, magnitude of the partitioning of gases into particles, and diffusivity changes during 

incorporation.   
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Chapter 2: Experimental Methods 
 
2.1 Organic Nitrate Properties and β-Hydroxynitrate Synthesis 

Four organic nitrates (Figure 2.1) were used as molecular probes or “tracer” compounds 

because of their ability to be detected via both FTIR and mass spectrometry.  Two alkyl nitrates, 

2-ethylhexyl nitrate (2EHN, Sigma Aldrich, 97%) and isobutyl nitrate (IBN, Sigma Aldrich, 

96%) were used as purchased.  Two multifunctional nitrates, β-hydroxyhexyl nitrate (HHN) and 

β-hydroxypropyl nitrate (HPN), were synthesized by scaling up the method of Cavdar and 

Saracoglu.123   

 

Figure 2.1: Structures of the gas phase organic nitrates and organic nitriles used in this study.  
The synthesis of the hydroxynitrates resulted in the presence of the two isomers. 

 

In brief, epoxyhexane or epoxypropane were reacted with bismuth (III) nitrate•5 H2O in a 

1:2 mole ratio (typical amounts were on the order of 10-2 moles) in dichloromethane as the 

solvent.  The reaction was carried out with constant stirring for 16-24 hours at room temperature 

under N2 (g), after which the solvent was evaporated off in vacuo (Wheaton, SPIN-VAP).  The 
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liquid product was then purified using a silica gel column, with a solvent system of 2:1 ethyl 

acetate:hexanes, and again the solvent was evaporated off.  The resulting liquid product was 

characterized using FTIR (Nicolet 6700, Figure 2.2), GC-MS (Agilent 7890a GC system with a 

5975C MS detector, in positive ion mode, Figure 2.3), and 1H NMR (Bruker DRX500, 500 

MHz, in CDCl3 with 0.05% tetramethylsilane, Figure 2.4), with final purities of ~83-92% for 

both HPN and HHN estimated from the NMR data.  Impurities were identified by comparison to 

pure standards as residual solvent and the corresponding di-alcohol.  The isomeric ratios of the 

hydroxy-terminated to nitrate-terminated isomer of the pure liquid estimated by 1H NMR was 

~2:1 for HPN and ~4:3 for HHN. 

 

 

 

 

 

 

Figure 2.2: ATR-FTIR spectra of the pure liquid synthesized HPN (red) and HHN (black). 
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In addition, the purity of the gas-phase organic hydroxynitrates (HHN and HPN) from the 

headspace of the trap was examined by direct analysis in real-time mass spectrometry (DART-

MS) using a triple quadrupole mass spectrometer (Waters, Xevo TQ-S) with a DART ionization 

source (Ion-Sense, DART SVP with Vapur® Interface).  Since DART is an ambient ionization 

method, quantification is difficult, but identification of the nitrates and some impurities using 

this method is reliable.  Conditions used were as follows:  helium gas flow, 3.1 L min-1; grid 

Figure 2.3: GC-MS data for the pure liquid HPN and HHN.  a) Total ion chromatogram 
(black) and single ion monitoring m/z 46+ (red) for HPN, and b) total ion chromatogram 
(black) and single ion monitoring m/z 46+ (red) for HHN solutions (approximately 100 
mM in dichloromethane). The two peaks indicate the two isomers (hydroxy-terminated 
and nitrate-terminated) present in the solution. 

Figure 2.4: 1H NMR (500 MHz, in CDCl3 with 0.05% tetramethylsilane) of a) HPN and b) HHN. 
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electrode voltage, 350 V; DART temperature, 25 oC.  DART-MS measurements were performed 

at low temperature to minimize thermal decomposition of the organic nitrates.124-125  All mass 

spectra were recorded in the positive ion mode for m/z ranging from 25 to 400.  The mass spectra 

for both HPN and HHN, as well as the mass spectra for the corresponding di-alcohols, are shown 

in Figure 2.5.  The predominant peaks in the DART spectra are due to [2M+H-NO2]+ at m/z 197 

and 281 for HPN and HHN, respectively.  There was little to no evidence for the corresponding 

di-alcohol in the gas-phase above the liquid.   

 

 

Figure 2.5: DART-MS spectra for the vapors from the headspace of a) pure HPN in the glass 
trap (red) and pure propanediol (grey), and b) pure HHN in the glass trap (red) and pure 
hexanediol (grey).   
 

These organic nitrates were chosen due to their similarities in either functional 

group/structure or physical properties.  The vapor pressures were estimated using two group 

contribution methods,126-128 and are listed in Table 2.2.  The estimated vapor pressures for 2EHN 

and HPN are very similar.  Although HPN has a much shorter hydrocarbon tail, it compensates 

for it with additional hydrogen-bonding capacity through the hydroxyl group.  HHN has a lower 

vapor pressure than 2EHN, but it has the same hydrogen-bonding capacity as HPN through the 

additional OH group, and it also has a long hydrocarbon tail similar to 2EHN.  IBN was chosen 
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as another representative alkyl nitrate comparable to 2EHN but with a short hydrocarbon tail for 

comparison to HPN.   

 

Table 2.1: Molecular properties of the organic nitrates at 25 o C.   

Organic 
Nitrates 

 

MW 
(g mol-1) 

ρ 
(g mL-1) 

Vapor Pressure using 
Moller127-128 (atm) 

Vapor Pressured 
using 

SIMPOL.1126 
(atm) 

Measured Gas 
Phase 

Concentration 
(atm) 

2EHN 175 0.96 1.4 × 10-4 1.8 × 10-4 (1.9 ± 0.1) × 10-4 

IBN 119 1.0 1.6 × 10-2 9.1 × 10-3 n/ae 

HPN 121 1.2 
1.2 × 10-4 a 

3.5 × 10-4 b 

Averagec = (2.5 ± 1.8) × 10-4 

1.6 × 10-4 (1.6 ± 0.1) × 10-4 

HHN 163 1.1 
3.5 × 10-6 a 

6.4 × 10-6 b 

Averagec = (5.0 ± 2.1) × 10-6 
8.4 × 10-6 (7.1 ± 2.1) × 10-6 

aHydroxy-terminated isomer 
bNitrate-terminated isomer 
c Error bars are ±1σ. 
dSIMPOL.1 does not distinguish between isomers 
eThe gas phase concentration for IBN was not measured directly from a trap of the pure liquid 
 
 
2.2 Organic Nitrile Properties 

In addition to the organic nitrates, two organic alkyl nitriles were also used as molecular 

probes: nonanenitrile (NN, Sigma Aldrich, 98%) and valeronitrile (VN, Sigma Aldrich, 99.5%).  

The structures of NN and VN are also shown in Figure 2.1.  These nitriles were chosen due to 

their respective vapor pressures, which were estimated using a group contribution method.127-128  

NN has a very similar vapor pressure to 2EHN and HPN, while VN has a similar vapor pressure 
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to IBN.  The vapor pressures are listed in Table 2.2, along with their molecular weights and 

densities.   

 

Table 2.2: Molecular properties of organic nitriles.   

Organic 
Nitrile 

 

MW 
(g mol-1) 

ρ 
(g mL-1) 

Vapor Pressure using 
Moller127-128 (atm) 

Vapor Pressurea 
using 

SIMPOL.1126 
(atm) 

NN 139 0.79 1.3 × 10-4 n/a 

VN 83 0.80 9.2 × 10-3 n/a 

aSIMPOL.1 does not have organic nitrile functional groups included 

 

2.3 Gas Phase Measurements for Molecular Probes 

The gas phase concentrations for 2EHN, HPN, and HHN were measured by flowing air at 

1 L min-1 through the trap containing each nitrate into a 1 mL sampling loop on the GC-MS and 

comparing to a calibration using the synthesized liquid standards.  Figure 2.6 shows the GC-MS 

calibration curves for each organic nitrate using the m/z 46+ peak area and the measured 

concentrations coming out of the trap.  These measured concentrations are also listed in Table 

2.1 and are in good agreement with the estimated vapor pressures for these species.   
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Figure 2.6: GC-MS calibration curves using liquid standards for 2EHN, HPN and HHN.  Black 
markers show the measured gas-phase concentrations directly out of the trap.  Error bars are ± 1σ 
from the average of three measurements. 

 
Gas phase HHN, HPN, and in some experiments 2EHN were introduced into the flow 

reactor by flowing one L min-1 clean, dry air through a trap containing the pure liquid and 

subsequently diluting into a total flow of 34 L min-1 into the flow reactor.  Hereafter, the 

concentration measured by GC-MS of 2EHN, HPN or HHN exiting the trap is used in all 

calculations, factoring in any additional dilution factors, except in the case of 2EHN at variable 

2EHN (g) concentrations as described below.  For example, after the dilution factor of 34 in the 

flow reactor, the final gas phase concentrations are 1.4 × 1014 (2EHN), 1.2 × 1014 (HPN), and 5.0 

× 1012 (HHN) molecules cm-3 (corresponding to 5.7 ppm 2EHN, 4.9 ppm HPN, and 0.2 ppm 

HHN, respectively).  The concentration of 2EHN measured by GC-MS directly from the flow 

reactor (1.4 ± 0.2 × 1014  molecules cm-3, 1σ) was in good agreement with this value.  However, 
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this comparison was not possible for HPN and HHN due to greater losses in the sampling line.   

Although some organic nitrate is expected to be lost to the walls of the flow reactor, for some 

experiments the walls were conditioned with a flow of the organic nitrate overnight, and there 

was no statistical difference found between these experiments and those without overnight 

conditioning.   

   

Some experiments examined variable gas phase concentrations of the molecular probes, 

and in these experiments the gas phase species was introduced by injection of the pure liquid 

from an automated syringe pump (New Era Pump System Inc., Model NE-1000) into a 9-10 L 

min-1 flow of clean, dry air, and subsequently diluting to 34 L min-1 total flow as described 

below.  The concentrations of 2EHN, IBN, NN, and VN were measured by GC-MS directly from 

the flow reactor and calibrated by comparison to liquid standards.   

 

2.4 Additional Molecular Probes 

Some experiments were done using either heptafluorobutyric acid (HFBA, Sigma 

Aldrich, 98%), 1-dodecyne (DC, Sigma Aldrich, 98%), perfluorosebaconitrile (PFN, Synquest 

Labs, 97%), or ethyl cyanoacetate (ECN, Sigma Aldrich, ≥ 98%) as the molecular probe.  PFN 

was used for a preliminary experiment as a probe that is more inert to oxidation by OH compared 

to other probes, since fluorinated nitriles have much slower rate constants for reaction with OH 

than other species.129-131  However, there was no evidence by ATR-FTIR of particulate-phase 

PFN, and PFN’s structure and properties were different from the common organic aerosol 

compounds.  Thus, further experiments with PFN were not performed.  Additionally, some 

preliminary experiments were done with ECN as the molecular probe.  There was no 
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experimental evidence for particle-phase ECN.  A previous study showed that ECN can interact 

strongly with metal surfaces such as ZnO (s), which may indicate an affinity of the ECN for 

metal surfaces such as that of the stainless steel flow reactor.132  Cyanoacetates are also known to 

react with aldehydes in the condensed phase to produce the acrylate derivative.133  Due to these 

uncertainties, further studies with ECN were not performed.   

 

The HFBA exhibited a prominent color change upon exposure to stainless steel surfaces, 

as shown in Figure 2.7.  A vibrant pink color was seen at the end of experiments after injection 

of the HFBA liquid into an air stream using a stainless steel tee for introduction into the flow 

reactor (Figure 2.7a), and after a separate experiment where the pure liquid was mixed with a 

stainless steel hardware component overnight (Figure 2.7b).  This reaction occurs upon injection 

into the stainless steel reactor and likely occurs on the walls of the flow reactor interior, and thus 

further experiments with HFBA were not done.   

 

Figure 2.7: a) The pure HFBA liquid at the end of the syringe pump tip at the end of an 
experiment, after the tip was connected to a stainless steel tee for ~8 hours.  b) Pure HFBA liquid 
in a syringe (right), and the HFBA liquid after mixing overnight with a piece of stainless steel 
hardware (left).   
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DC is an alkyne with a long 12-carbon tail and an estimated vapor pressure of 2.4 × 10-4 

atm.127-128  This vapor pressure is similar to that of 2EHN and would make it a good candidate 

for a molecular probe.  However, a preliminary experiment with DC showed a ~10% increase in 

the total particle number upon addition of the DC to the flow reactor system.  The reactions of 

alkynes with ozone have rate constants smaller than that of ozone with α-pinene (AP).1, 131, 134  

Assuming a rate constant of ~10-20 cm3 molecule-1 s-1 for the reaction of DC with ozone, the 

initial rate of loss with respect to ozone is found by kO3[X], where X is DC or AP.  This initial 

rate of loss for 3 ppm of DC to ozone is ~7 × 10-7 s-1, whereas for 250 ppb AP it is ~1 × 10-4 s-1, 

indicating that the reaction of DC with ozone is negligible.  However, the rate constant with OH 

radical estimated for DC is ~10-11 cm3 molecule-1 s-1, similar to that of AP.131, 135  The reaction of 

OH with the hydrocarbon tail of DC likely creates species of much lower volatility, some of 

which may be able to nucleate particles themselves, thus contributing to the total particle 

number.  For this reason, DC was not used in further experiments.   

 

2.5 SOA Generation 

SOA from the ozonolysis of AP was generated in the stainless steel flow reactor with a 

total flow rate of 34 L min-1, and all reactants were introduced in the initial mixing section of the 

reactor.  Gas-phase AP (100 ppb to ~1.5 ppm) was generated by injection of the pure liquid 

(Sigma Aldrich, >99%) from an automated syringe pump (New Era Pump System Inc., Model 

NE-1000) into a 9-10 L min-1 flow of clean, dry air.  Ozone was generated by flowing 0.4 L min-

1 O2 gas (Praxair, 99.993%) through a Pen-Ray® mercury lamp (UVP, LLC), and was 

subsequently diluted with 9.6 L min-1 of air before being added to the system.  An additional 14 
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L min-1 of air was introduced to create a total flow rate of 34 L min-1, and the resulting reactor 

concentrations were 250-300 ppb O3 measured using an ozone monitor (Teledyne Photometric 

O3 Analyzer 400E; Advanced Pollution Instrumentation, Inc. Photometric O3 Analyzer 400).    

The reaction of AP with O3 produces OH radicals which, unless scavenged, will react with the 

organic nitrates.136  Thus, in some experiments cyclohexane (CH,  Fisher Scientific, 99.9%), 

used as an OH scavenger, was evaporated into the flow of air to give a concentration of 2.5 × 

1015 molecules cm-3 (100 ppm).  When molecular probes were used, they were injected 

simultaneously with AP and CH into the flow reactor using either 1 L min-1 of air through a trap 

containing the pure liquid, or by injection of the pure liquid into the air stream using a syringe 

pump as described previously.  When the trap was used, the air flow for the AP air stream was 

reduced to 9 L min-1 to maintain a total flow of 34 L min-1 in the flow reactor.   

 

Gas phase concentrations of AP and CH were measured using EI GC-MS (Agilent 7890A 

GC system with a 5975C MS detector, in positive ion mode) in a dual total ion/single ion 

monitoring (SIM) system with the particles and ozone filtered out using a quartz filter 

(WhatmanTM) and a potassium iodide (100.0%, Fisher Chemical) ozone scrubber, respectively.  

Total ion monitoring was used for CH, while m/z 93+ was followed in SIM mode for AP.  At the 

higher concentrations of AP ([AP]0 > 500 ppb), the measured concentration in the flow reactor 

was slightly higher than expected, likely due to puddling of the AP at the injection site.  The 

initial concentration of AP for these conditions was estimated using a kinetics model (described 

below) and Kintecus®,137 which was run until the output concentrations matched the 

concentrations of AP measured from the flow reactor by GC-MS (within ~30 ppb).  Modeling 

the reaction conditions for the 100 ppb and 250 ppb AP concentrations produced AP 
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concentrations that agreed with the GC-MS measured values within ~50%, and ozone 

concentrations that agreed within ~7%.      

 

Particle size distributions were monitored using a scanning mobility particle sizer (SMPS, 

TSI), equipped with either a model 3071A classifier and 3022A CPC or with a model 3080 

classifier and 3776 CPC, and an aerodynamic particle sizer (APS, TSI Model 3321).  The size 

distributions were combined using the SMPS data below 500 nm and APS data above 700 nm 

mobility diameter assuming a particle density of 1.2 g cm-3,138 and fit with a Weibull 5-parameter 

distribution as described by Perraud et al.52   

 

To check the validity of the Weibull fit, an Aerodynamic Aerosol Classifier (AAC, 

Cambustion Ltd., UK) was used with a CPC (TSI, model 3776) to scan the entirety of the range 

covered by the SMPS and the APS.  The AAC measures aerodynamic diameter, and these 

diameters were converted to mobility diameters using a particle density, p, of 1.2 g cm-3 for α-

pinene SOA and the Cunningham slip correction factors as a function of diameter, Cc(d), as in 

Equation 2.110 

Equation 2.1 

   

where 0 is the standard density (1.0 g cm-3). 

 

 Figure 2.8a shows an example data set of the SMPS, APS, and Weibull fit for a 

representative particle number distribution, and Figure 2.8b shows the comparison of the Weibull 

fit with the AAC+CPC data for the same particle distribution.  Excellent agreement is observed 

between the two traces, validating the Weibull fit.   

𝑑 = 𝑑  
𝐶 (𝑑 )

𝐶 (𝑑 )

/
𝜌

𝜌

/
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Figure 2.8: a) The SMPS, APS, and Weibull fit data for a representative particle number 
distribution, and b) the Weibull fit and AAC data for the same SOA. 

 

2.6 Overview of Experimental Setup for Incorporation During Growth and After Growth 

Figure 2.9 shows a schematic of the four experimental configurations used in these 

studies.  In the first study for incorporation after growth (series A), nitrate-free SOA particles 

formed from AP ozonolysis were generated in a large volume, slow flow stainless steel aerosol 

flow reactor139 and impacted on an attenuated total reflectance (ATR) crystal to generate a thin 

film of SOA particles, over which gas phase tracer was flowed and uptake was measured until 

equilibrium was reached.  Thin films of various model substrates were also studied in series A, 

described in section 2.7.  This method was limited to higher concentrations of the gas phase 

(approaching saturation vapor pressure) in order to detect -ONO2 or -CN peaks by ATR-FTIR.  

A benefit of this method over in situ production of organic nitrates or other tracer species is that 

it avoids oxidation of the gas phase compounds from gas phase OH generated during ozonolysis 

in the reactor.  

 

In series B, SOA particles (also from the large flow reactor) were first passed through a 

monolith carbon denuder (NovaCarb™; MAST Carbon, Ltd.) to remove gas phase species and 
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then flowed into a smaller glass flow tube, where they were exposed to gaseous RONO2.  This 

series was carried out to ensure that the observations were in agreement with series A results on 

impacted particles, and as a second method of incorporation after growth for comparison to the 

following series probing incorporation during growth.   

 

In series C and D, the tracers were introduced into the stainless steel flow reactor and 

incorporated into SOA particles as the particles formed and grew in the reactor (during growth).  

Smaller concentrations of the tracers than those in series A were used here due to the much 

larger volumes of air and hence higher dilution factors that are associated with the large flow 

reactor.  In series C, the organic nitrate in the particles was quantified on-the-fly by high 

resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS).  In series D, the same 

particles as in series C were simultaneously impacted on an ATR crystal, and quantification of 

each organic nitrate (RONO2) was carried out by FTIR.   
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Figure 2.9: Schematic of the four experiment types.  In series A, SOA particles are formed in the 
absence of the tracer in the stainless steel flow reactor and impacted on an ATR crystal to 
generate a thin film of particles, over which gas phase tracers at near saturation vapor pressures 
were flowed, and the uptake was measured by ATR-FTIR.  In series B, SOA particles were 
generated in the stainless steel flow reactor and then passed through a charcoal denuder before 
subsequently being flowed into a 1-m long glass flow tube and exposed to RONO2 through either 
a reservoir with a pure liquid or a trap flowing air over the pure liquid, and were then analyzed 
by HR-ToF-AMS.  In series C, gas phase tracers at lower concentrations than those used in series 
A were incorporated into SOA particles as they formed and grew in the stainless steel flow 
reactor.  These particles were quantified by HR-ToF-AMS.  In series D, the same particles as in 
Series C were impacted on an ATR crystal, and partition coefficients were determined from the 
quantification of the tracer by ATR-FTIR.  
 

 
For series A experiments, each individual organic nitrate was introduced by flowing air 

through the glass trap to yield high gas-phase concentrations approaching the saturation vapor 

pressure before being introduced into the ATR-FTIR cell described in section 2.9.  For the 

limited series B experiments, a reservoir of liquid RONO2 was placed inside the mini flow tube 
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in order to expose particles on-the-fly to the saturation vapor pressure of the RONO2 in a total 

flow of air of 0.4 – 1.5 L min-1.  In a separate experiment for series B, a glass trap containing the 

pure RONO2 liquid was used in place of the reservoir to flow 0.04-0.15 L min-1 into the mini 

flow tube to provide more dilute gas phase concentrations.  For series C and D experiments, each 

tracer was introduced either by flowing 1 L min-1 air through the glass trap containing the pure 

liquid or by injection of the pure liquid using a syringe pump into a stream of air totaling 10 L 

min-1 simultaneously with AP, either with or without CH.  The gas phase concentrations of the 

tracers used in each experiment type are summarized in Table 2.3. 

 

Table 2.3: Gas phase concentrations for all tracers used in each experiment type.   

 2EHN HPN HHN NN IBN VN 

Series A 190 ppm 160 ppm 7 ppm 100 ppm n/a n/a 

Series B 120 ppm/12 ppm 80 ppm/6.6 ppm n/a n/a n/a n/a 

Series C/D 0.05-5.6 ppm 4.7 ppm 0.21 ppm 0.26-3.1 ppm 1.0-8.0 ppm 8.0 ppm 

 

 
2.7 Organic Thin Film Preparation 

The substrates used in series A for incorporation after growth include a non-polar long 

chain alkane (triacontane, TC), an amorphous ester oligomer (poly(ethylene adipate) di-hydroxy 

terminated, PEA), a keto-acid (pinonic acid, PA), and SOA from AP ozonolysis formed either 

with or without an OH scavenger (Figure 2.10).  The alkane might be considered a model for 
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primary organic aerosol,140 while the keto-acid and ester are representative of functionalities 

found in SOA.141-146 

 

 

 

To create thin films of the SOA particles, the polydisperse particles formed in the flow 

reactor were collected onto a Ge ATR crystal using a custom-designed impactor with a 50% cut-

off diameter of 240 nm.70  Figure 2.11 shows a schematic of the impactor.  The particles were 

sampled at a total flow of 30 L min-1
 for 10-30 min at the end of the reactor (~20-60 μg total 

impacted mass), corresponding to a reaction time of 31 min.  

 

Figure 2.11: A schematic of the impactor.  Figure adapted from Kidd et al.70 

 

Figure 2.10: Not including SOA, structures of the organic thin film substrates triacontane 
(TC), poly(ethylene adipate) (PEA), and pinonic acid (PA). 
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Thin films of model organic compounds were created by dissolving the pure solid in 

solvent (hexanes, dichloromethane, methanol, or acetonitrile) and spreading a known volume (5-

20 μL) of the solution onto the exposed face of the ATR crystal.  The solvent was removed using 

a flow of dry N2 (g) until only the dry solid remained.  The amount of organic substrate or 

impacted particles on the crystal was varied to ensure the film thickness was smaller than the 

depth of penetration (dp) of the infrared evanescent wave, and thus ensured that the entire film 

was probed by the IR beam. The depth of penetration was calculated from the wavelength of the 

peak of interest and the refractive indices of the Ge crystal and air to be 0.35 μm at 1730 cm-1, 

0.37 μm at 1630 cm-1, and 0.47 μm at 1280 cm-1.138, 147-148  For a sufficiently thin film, the 

effective path length (l) of the infrared beam through the organic film can be estimated using dp 

and factoring in the 10 bounces of the beam within the ATR crystal, giving total path lengths of 

3.5 μm at 1730 cm-1, 3.7 μm at 1630 cm-1, and 4.7 μm at 1280 cm-1.147  The 1280 cm-1 peak was 

used for analysis of the organic nitrates, since there was some overlap of the substrate carbonyl 

peaks with the 1630 cm-1 peak of the –ONO2 group. Substrate films were prepared to allow 

penetration of the IR beam throughout the entire film if evenly spread over the crystal, but due to 

inhomogeneity in the distribution of the films over the crystal surfaces (Figure 2.12), this may 

not be the case in some regions of the film.   
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2.8 FTIR Absorption Cross Section Measurements 

Absorption cross sections for each tracer and substrate were obtained using transmission 

through a 0.5 mm pathlength KBr cell or by filling the ATR cell with a solution of known 

concentrations ranging from 1.0 to 1.0 × 10-3 M and covering the cell with a glass lid to prevent 

evaporation.  Solutions for FTIR cross section measurements were made in either dodecane, 

methanol, or acetonitrile. 

 

To calculate the pathlength within the ATR cell through a thick film such as the case 

when the cell is filled with solution, the effective thickness (de) of the solution in the cell was 

calculated using the wavelength of interest and the refractive indices of the Ge crystal and the 

solvent.147  Accounting for the 10 bounces within the crystal, the effective pathlength (leff) 

through an acetonitrile solution was 2.3 μm at 2250 cm-1, 3.0 μm at 1730 cm-1, 3.2 μm at 1630 

cm-1, and 4.0 μm at 1280 cm-1 respectively.  The measured cross sections from the two methods 

Figure 2.12: Typical films of a) PEA, b) PA, and c) SOA.  The white regions on the crystal face 
show the deposited substrate scattering the overhead light.   
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agreed within 5%, and averages are provided in Table 2.4, which includes the cross section at 

1280 cm-1 for each organic nitrate, the cross section at 2250 cm-1 for organic nitriles, and the 

carbonyl cross section for PA, PEA and a proxy cross section for SOA comprised of the average 

of the cross sections of PA, tartaric acid, valeric acid and 2-nonanone.  
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Table 2.4: FTIR cross sections (in cm2 mole-1, base 10) of the –ONO2, C≡N, or C=O for the 

organic nitrates, nitriles, PA, PEA, and a proxy SOA at a resolution of 8 cm-1. 

 

Compound 

σa,b 

(Units of 105 cm2 mole-1 –ONO2, C≡N, or 

C=O, base 10) 

2EHN 4.4 ± 0.1 

HHN 3.2 ± 0.1 

HPN 3.6 ± 0.1 

IBN 3.9 ± 0.1 

NN 0.26 ± 0.01 

VN 0.11 ± 0.01 

PEA 3.5 ± 0.1 

PA (1704 cm-1) 3.6 ± 0.1 

Tartaric Acid 3.3 ± 0.1 

Valeric Acid 1.7 ± 0.1 

Nonanone 2.7 ± 0.2 

SOA 2.8 ± 0.8 

aError bars are ± 1σ.   
b Cross sections were determined from the height of the characteristic peaks for each compound 
(1280 cm-1 for organic nitrates, 2250 cm-1 for organic nitriles, and 1700-1730 cm-1 for C=O) 
using standard solutions, and for carbonyl-containing compounds normalized to the number of 
carbonyls on the molecule. For PEA, six subunits of the polymer were assumed, resulting in a 
total of 12 C=O for every PEA molecule. Carbonyl cross section for SOA was estimated as the 
average of the cross sections for pinonic acid, tartaric acid, valeric acid, and nonanone. 

 

The ATR-FTIR spectra for a solid PA film and a standard solution are shown in Figure 

2.13.  The presence of hydrogen bonding in the solid caused overlap of the acid and ketone 
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carbonyl peaks, whereas in solution these are two distinct peaks. Due to this overlap in the solid 

phase, the peak cross section at 1704 cm-1 for the liquid solution was used to quantify the 

thickness of solid PA films.  For all nitrates and substrates, the quantification was made based on 

the cross section determined from the liquid solutions. 

 

 

 

2.9 Uptake onto Thin Films 

Figure 2.14 shows a schematic diagram of the ATR-FTIR cell used in series A for uptake 

into thin films.  For each uptake experiment, a Ge crystal coated with the target substrate was 

placed in the cell (total volume ~2 cm3) in the sampling compartment of an FTIR spectrometer 

(Nicolet 6700).  The spectrum of each sample was acquired using 4 co-added scans with a 

resolution of 8 cm-1, yielding a time resolution of 1 data point approximately every 3 seconds.  

The film alone was first exposed to 60 ± 5 cm3 min-1 clean, dry air from a purge air generator 

(Parker-Balston, model 75-62) for 15-300 seconds to dry the film and to bring any spreading that 

might occur under a gas flow to a steady-state before the addition of the nitrate. The organic 

Figure 2.13: ATR-FTIR spectra for a solid PA film (red), and a liquid PA solution in 
acetonitrile (black, 56 mM).  The absorbances in the black trace have been multiplied by 0.03. 
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nitrates were then introduced into the ATR cell by flowing clean, dry air at a flow rate of 60 ± 5 

cm3 min-1 over the pure liquid of each organic nitrate contained in a glass trap at room 

temperature. The gas-phase concentrations were assumed to be equivalent to the saturation vapor 

pressure of the organic nitrate.  The trap was replenished daily with fresh organic nitrate 

(synthesized hydroxynitrates were stored in a freezer under N2 (g)).  In some cases, the organic 

nitrate signal in the IR decreased over the course of a day, indicating there may have been some 

decomposition in the trap.  When decomposition was observed, only data from the first run of the 

day were used.  Additional experiments where the time during which the film was exposed to the 

organic nitrate was doubled also showed stability of the organic nitrate signal, indicating 

decomposition was minimal over the length of the experiments.  A set of additional experiments 

were done using NN for comparison, where the NN (g) was introduced using a syringe pump to 

inject the pure liquid into an air stream of ~3 L min-1, from which 75 cm3 min-1 of the air 

containing NN (g) was diverted into the ATR cell.  

 

 

The characteristic peaks of the nitrate (1280 and 1630 cm-1) or nitrile (2250 cm-1) were 

monitored over time along with the carbonyl peaks of the organic film (1700-1730 cm-1) while 

the gas-phase nitrate flowed over the film.  For TC, which has no carbonyl functional group, the 

Figure 2.14: Schematic of the ATR uptake apparatus for series A (incorporation after growth). 
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C-H peak at 2915 cm-1 was followed.  After the organic nitrate signal reached steady-state, the 

flow was replaced with 60 ± 5 cm3 min-1 clean, dry air to follow the desorption of the tracer as a 

function of time.  To quantify the amount of nitrate taken up into the film in units of molecules 

cm-2, FTIR cross-sections for the organic nitrate tracers (1280 cm-1) and the organic substrates 

C=O stretch (1700-1730 cm-1) were obtained as described in section 2.8.     

 

To calculate the mole ratio of nitrate to carbonyl groups for each substrate, Equation 2.2 

was used: 

Equation 2.2 

 

In Equation 2.2, Anit and AC=O are the IR absorbances for the organic nitrate and the 

carbonyl of the substrate, respectively, σ is the absorption cross-section (cm2 mole-1, base 10), 

and l is the pathlength (cm) probed in the film at the selected wavenumbers for the carbonyl and 

the organic nitrate.  The concentrations of nitrate and substrate, [-ONO2] and [C=O], are in moles 

–ONO2 cm-3 and moles C=O cm-3, respectively.  The depth of penetration was calculated from 

the wavelength of the peak of interest and the refractive indices of the Ge crystal and air to be 

0.28 μm at 2250 cm-1, 0.35 μm at 1730 cm-1, 0.37 μm at 1630 cm-1, and 0.47 μm at 1280 cm-1.147-

148  For a sufficiently thin film, the path length (l) of the infrared beam through the organic film 

can be estimated using dp and factoring in the 10 bounces of the beam within the ATR crystal, 

giving total path lengths of 2.8 μm at 2250 cm-1, 3.5 μm at 1730 cm-1, 3.7 μm at 1630 cm-1, and 

4.7 μm at 1280 cm-1.147  Substrate films were prepared to allow penetration of the IR beam 

throughout the entire film if evenly spread over the crystal, but due to inhomogeneity in the 

distribution of the films over the crystal surfaces (Figure 2.12), this may not be the case in some 

A

A
×

l × σ

l × σ
=

[−ONO ]

[C = O]
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regions of the film.  This is particularly the case for the impacted SOA particles, which were 

concentrated along the center of the crystal.  If the entirety of the film is not probed, initial 

uptake coefficients will be underestimated, since some of the signal from the tracers adsorbed on 

the surface will be missed.  However, the measurement of the partition coefficient, which relies 

on a ratio of the tracer and the film IR signals as discussed below, will not be affected.   

 

For uptake coefficients, the amount of nitrate taken up was determined from the organic 

nitrate peak height using Equation 2.3: 

Equation 2.3 

where A is the absorbance of the organic nitrate, σ is the cross section of the organic nitrate in 

cm2 mole-1 (base 10), NA is Avogadro’s number, and {-ONO2} is the amount of nitrate in the 

film. Although expressed as the number of –ONO2 per cm2, it is the column integrated nitrate 

and includes both surface and bulk contributions.  By plotting the concentration over time as the 

film is exposed to the organic nitrate and subsequently taking the initial slope of the initial data 

points (t < 20 s), the net uptake coefficient (γ) was quantified by Equation 2.4: 

Equation 2.4 

 

where R0 is defined as the initial rate of uptake.  Lastly, partition coefficients K were calculated 

using Equation 2.5: 

Equation 2.5 

 

where [-ONO2]film and [-ONO2]air are the concentrations of organic nitrate in the film and in air, 

respectively, in units of moles L-1.  The concentration in air was estimated using the saturation 

vapor pressure.  The [-ONO2]air is the gas phase concentration measured from the trap by GC-

× N = {-ONO2} 

γ =  
R

[Gas] ×
RT

2πM

 

K =  
[−ONO ]

[−ONO ]
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MS.  The number of moles of –ONO2 per L in the substrate film ([-ONO2]film) was calculated 

using Equation 2.6-Equation 2.8: 

   

Equation 2.6 

 
 
 
 

Equation 2.7 

 
 

Equation 2.8 

 

In Equation 2.6, Anit and AC=O are the IR absorbances for the organic nitrate and the 

carbonyl of the substrate, respectively, σ is the absorption cross-section (cm2 mole-1, base 10), l 

is the pathlength (cm) probed in the film at the selected wavenumbers for the carbonyl and the 

organic nitrate, and nnit and nc=o are in moles –ONO2 cm-3 and moles C=O cm-3, respectively.  In 

Equation 2.7, the nc=o (moles C=O cm-3) is converted into nsub (moles substrate cm-3) using the 

number of carbonyl groups on each substrate molecule.  This includes any carbonyl, acid, 

anhydride, or ester functional groups that may be present in α-pinene SOA products. The value 

of NC=O/Nsub is taken to be 2 for this SOA based on the literature.141-142  In Equation 2.8, moles of 

substrate and moles nitrate are converted to volume (in units of L) using the molecular weight 

(M, assuming 200 g mole-1 for SOA),141-143 and the densities in units of g L-1 (using 1.2 × 103 g 

L-1 for SOA).138 A similar analysis can be done for organic nitriles, replacing the -ONO2 

functional group with the measurement of the -CN functional group at 2250 cm-1.   
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2.10 Aerosol Mass Spectrometer Measurements 

For series B (incorporation after growth) and series C (incorporation during growth), a high 

resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne)149-151 was used to 

characterize the particles formed in the absence or presence of the gas-phase tracers and in the 

absence or presence of the OH scavenger.  Particles were sampled at a flow rate of ~0.082 L min-

1 into the AMS and focused with an aerodynamic lens, vaporized at 600°C, and ionized via 

electron impact (EI, 70 eV) ionization.  The data presented were acquired in V-mode without 

HEPA-filter dilution.  Measurements were taken with a particle filter at the beginning and end of 

each experiment to adjust the isotope ratio of 15N14N that interferes with the CHO+ fragment 

using the “Improved-Ambient” method of Canagaratna et al.152  Data were analyzed using Igor 

Pro v. 6.3 and 6.37 (Wavemetrics, Inc.) with SQUIRREL (v. 1.57I and 1.62A) and PIKA (v. 

1.16I and 1.22A).  Elemental analysis was carried out using the default calibration factors for 

O:C and H:C. 

 

Previous studies have shown that organic nitrates fragment in EI ionization to yield NO+ 

and NO2
+ as major fragments,153-157  with small CHNO+ or CHN+ fragments.154, 156  The ratio of 

NO+/NO2
+ can be used to differentiate organic nitrates in the particles from inorganic nitrates or 

nitric acid.154, 156, 158  Because of extensive fragmentation of the parent ions in the AMS, organic 

nitrates were measured using the peak intensities of the NO+ and NO2
+ fragments.  However, 

these fragments can also be generated from inorganic nitrates and nitric acid, which could be 

formed by decomposition of the organic nitrates.  Since these experiments were carried out at 

low relative humidity, hydrolysis is unlikely, and thermal decomposition at room temperature is 

also not expected to be significant.  However, to establish that the signals are consistent with 
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organic nitrates, the ratio of NO+ to NO2
+ for all three organic nitrates, either with or without 

CH, was measured.  Table 2.5 shows this ratio was between 3.1 and 5.4 for all of the organic 

nitrates used here (there was no statistical difference between 7 and 31 min reaction time).  

These values are consistent with the ratios for organic nitrates measured in other systems,154-155, 

159 and they differ significantly from that of nitric acid (Table 2.5).160-161    

 

Table 2.5:  HR-ToF-AMS ratio of NO+ to NO2
+ for particles formed in the presence of 1.4 x 

1014 2EHN molecules cm-3, 1.2 x 1014 HPN molecules cm-3, and 5.0 x 1012 HHN molecules cm-3, 
either with or without the OH scavenger CH (Series C).  For comparison, that of nitric acid is 
also given.   

  Ratioa of NO+ to NO2
+ 

  No CH With CH 

Organic Nitrate 2EHN 5.4 ± 0.3 4.9 ± 1.6 

 HPN 3.4 ± 0.3 3.1 ± 0.2 

 HHN 4.6 ± 0.2 3.6 ± 0.4 

 Nitric Acid 160-161 0.33 - 0.86 

aError bars are ± 2σ from the average of three experiments for the organic nitrates. 

 

The ratios in Table 2.5 indicate that the organic nitrate functional group remains 

unreacted once taken up into the particles.  One possible fate of organic nitrates in particles is 

hydrolysis to inorganic nitrate (NO3
-).  However, the FTIR data does not show detectable peaks 

due to inorganic NO3
- (Figure 2.15) by comparison to NaNO3 (Fisher Scientific, 99.9%).  This 

supports that the organic nitrate functional group remains unreacted.   
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Figure 2.15:  ATR-FTIR spectra for impacted particles alone, and particles formed in the 
presence of 2EHN, HPN or HHN in the flow reactor with CH as an OH scavenger (series D).  
Also shown is the spectrum for 10 μL of a 0.52 M solution of NaNO3 deposited on the crystal 
with the solvent subsequently evaporated.  The NaNO3 spectrum has been multiplied by a factor 
of 0.1.  The region between 2500 – 2000 cm-1 is not shown due to variations in the CO2 (g) in the 
sampling compartment.   

 

To quantify the amount of organic nitrate in the particles and to compare to the FTIR 

data, the AMS mass concentrations of NO+ and NO2
+ were expressed as moles -ONO2 per liter 

of SOA.  Thus, the mass loading (μg m-3) of NO+ and NO2
+ were converted using eq. (2.9) into 

moles m-3 air of organic nitrate using the molecular weights of NO+ and NO2
+ (30 and 46  

g mole-1, respectively), assuming that each organic nitrate has only one nitrate group which will 

give either an NO+ or an NO2
+ fragment. The mass concentration of SOA (μg m-3 air), 

represented by HROrg, is converted to volume concentration of SOA (L m-3 air) using its density 

( = 1.2 × 103 g L-1)138 as shown in Equation 2.9:   

  

Equation 2.9 

 

NO ×
1

MW
+ NO ×

1
MW

HROrg 
× ρ ×

RIE

RIE
=

moles − ONO

Volume SOA
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The default value for the relative ionization efficiency (RIE) of organics (1.4) was used 

for SOA, while an RIE of 1.0 was used for all organic nitrates, assuming their respective 

ionization efficiency is similar to that of inorganic nitrate as assumed by other researchers.89  To 

calculate the partition coefficient, K, the moles RONO2 per liter of SOA from Equation 2.9 was 

divided by the gas phase concentration in the flow reactor in moles -ONO2 L-1 air (Equation 2.5).  

These concentrations were determined by measuring the concentration exiting the trap and 

factoring in the dilution into the flow reactor.  

 

To examine changes in composition as a function of particle diameter, the high-resolution 

particle time-of-flight (HR-PToF) feature was used, which allows size-dependent composition 

analysis of specific fragments.  The particle size distribution was separated into 12 evenly spaced 

bins between 157 and 822 nm vacuum aerodynamic diameter (Dva), and the high-resolution mass 

spectrum were collected up to m/z 120.  The data for diameters < 157 nm and diameters  >822 

nm Dva were omitted due to the very small mass loading which caused large contributions from 

noise, and due to decreased lens transmission efficiency in these diameter ranges.162   

 

2.11 FTIR Quantification for Incorporation During Growth 

 For Series D (incorporation during growth), the polydisperse particles were impacted at a 

total flow of 30 L min-1
 for 10-30 min at the end of the reactor.  The partition coefficient was 

then quantified using the -ONO2 or -CN and carbonyl stretches as described above in Equation 

2.6-Equation 2.8.  Note that for this Series D, [-ONO2]SOA and [-CN]SOA can include both the 

parent organic nitrate/nitrile and products from oxidation by OH when CH is not present. 
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2.12 Kinetics Modeling 

A simplified mechanism for the ozonolysis of AP (Table 2.6) was run using Kintecus®137 

to evaluate the extent of OH chemistry in the experiments, as well as to determine the total 

concentration of AP oxidation products (hereafter referred to as product 1 (P1, a proxy for all 

low volatility ozonolysis products).  In addition, the gas-phase product distribution was modeled 

for each reaction condition with OH scavenger using the Master Chemical Mechanism (MCM, 

http://mcm.york.ac.uk/) v3.3.1163-165 and the AtChem box model web-based interface.166  For 

further analysis into the distribution of dimers across the reaction conditions studied here, the 

mechanism was updated to include highly oxidized multifunctional organic compounds (HOM) 

and dimer formation, as well as RO2 autoxidation, as described by Zhao et al.167  The amount of 

AP and ozone reacted that was predicted by the MCM and the simplified mechanism run using 

Kintecus® agreed within 2%.   
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Table 2.6:  A simplified reaction mechanism for the ozonolysis reaction in the presence of CH 
and the tracers, with the corresponding rate constants.  

Reaction k (cm3 molecule-1 s-1)1, 131 

AP + O3 → OH + RO2
a 7.0 × 10-17 

AP + O3 → Product1a 1.7 × 10-17 

AP + OH → RO2 5.4 × 10-11 

CH + OH → Products 7.2 × 10-12 

 Calculated from Group Contribution135,b 

2EHN + OH → Products 6.3 × 10-12 

IBN + OH → Products (1.6 ± 0.2) × 10-12 

NN + OH → Products 7.3 × 10-12 

VN + OH → Products 1.7 × 10-12 

HPN + OH → Products 1.3c × 10-12 
2.1d × 10-12 

Averagee = (1.6 ± 0.5) × 10-12 

 
HHN + OH → Products 4.2c × 10-12 

6.4d × 10-12 
Averagee = (5.1 ± 1.3) × 10-12 

 
a 80% of AP + O3 gives OH radicals,168-170 and 20% of AP + O3 gives low volatility products 
capable of forming particles (all products lumped together as Product1).  The total AP + O3 rate 
constant is 8.7 × 10-17.1, 131 
bThe OH rate constant for IBN is taken from Becker and Wirtz.171   
cHydroxy-terminated isomer 
dNitrate-terminated isomer 
eRate constants for HPN and HHN are weighted averages using the relative amounts of the two 
isomers. The ratio of the hydroxy-terminated to nitrate-terminated isomers in the pure liquid was 
~2:1 for HPN and ~4:3 for HHN.  Error bars are ±1σ.  
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2.13 Effective Net Uptake Coefficients 

 The relative number of collisions of a gas phase oxidized organic molecule relative to a 

gas phase organic nitrate molecule with the particle surface can lend insight into the burying 

mechanism as a function of changing gas phase concentrations and particle surface area using 

Equation 2.10: 

  

Equation 2.10 

 

 
  

where NRONO2 and NPSOA are the number of molecules of organic nitrate and molecules of PSOA 

taken up per cm3 air per second, respectively;  γ is the effective uptake coefficient for each 

species; M is their respective molar mass; and ASOA is the surface area concentration of the SOA 

from the size distribution measurements.  The γPSOA×[PSOA]gas (molecules cm-3) in Equation 2.10 

represents the product molecules from AP ozonolysis taken up to form the SOA and is 

determined using the measured SOA mass loadings, following the conversion in Equation 2.11:     

 Equation 2.11 

 

where NA is Avogadro’s number, and the SOA mass loading in µg m-3 is measured as 

described above.   

 

The ratio NRONO2/NPSOA can be determined as:  

Equation 2.12 
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where the moles RONO2 per L SOA are determined experimentally from Equation 2.9 using 

HR-ToF-AMS, the density of SOA is taken as 1.2 × 103 g per L138 and the SOA molecular 

weight assumed to be 200 g per mole.141-143  The gas phase concentration of organic nitrate in the 

flow reactor ([RONO2]gas) is the measured concentration.   
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Chapter 3: Incorporation After Particle Growth: Uptake onto Thin Films of 
SOA and Model Substrates 

 
3.1 Research Goals 

The goal of the first part of this research is to examine the unreactive intermolecular 

interactions between the molecular probes and the condensed phase of impacted particles.  

Comparing the uptake of gas phase species with different physicochemical properties onto 

impacted SOA particles as well as various model substrates provides insight into these 

intermolecular interactions.  Quantification of initial net uptake coefficients (γ) and equilibrium 

partition coefficients (KA) allows insight into the interactions that govern how these gas phase 

species are taken up into organic particles in the atmosphere.    

 

3.2 Results and Discussion 

Figure 3.1 shows the ATR-FTIR spectra for the solid film substrates before exposure to 

the organic nitrates and after exposure to ~7 ppm HHN, ~160 ppm HPN, and ~190 ppm 2EHN.  

Note that the saturation vapor pressure of HHN is much lower than that of HPN or 2EHN, 

limiting the HHN concentration that can be generated in the gas phase.  Despite the two orders of 

magnitude lower concentration, uptake of HHN is still clearly evident onto SOA formed with out 

an OH scavenger, SOA formed with 100 ppm CH as an OH scavenger, PA and PEA.  As seen in 

the figure, there was no observed uptake onto TC.  There was slight uptake onto the Ge crystal 

itself for all three organic nitrates, but it was smaller than with organic material present on the 

crystal. 
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The lack of detectable uptake of all the organic nitrates on TC is not surprising.  With the 

absence of polar interactions or hydrogen-bonding between the gas and the hydrocarbon surface, 

the dispersion forces may simply be too weak to result in any significant uptake onto the TC (the 

terminology used here is "van der Waals’ interactions" for all weak non-covalent forces, 

including hydrogen-bonding, and "dispersion interactions" is used specifically for forces due to 

induced dipoles).172  In contrast, there was significant uptake observed for the organic nitrates 

onto PA, PEA, and SOA. 
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Figure 3.1: ATR- FTIR spectra for a) SOA formed with 100 ppm CH as an OH scavenger, SOA 
formed with no OH scavenger, PA, PEA, and TC alone, and b) after exposure to gaseous HHN 
(7 ppm), c) after exposure to gaseous HPN (160 ppm) , and d) after exposure to gaseous 2EHN 
(190 ppm) once equilibrium was reached (450-1050 seconds), as well as the spectra for exposure 
of the clean crystal to the organic nitrate.  All TC spectra were scaled by a factor of 0.25, and all 
PEA spectra by a factor of 0.5 to display them on the same scale as the other spectra for clarity.  
Dashed lines indicate the –ONO2 signals characteristic of organic nitrates. The region between 
2500-2000 cm-1 is not shown due to CO2 (g) variation in the purge air.  
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Figure 3.2 shows typical data for the time-dependent uptake of the three organic nitrates 

on SOA, SOA + CH, PA, and PEA respectively, in units of molecules cm-2 calculated by 

dividing the absorbance by the absorption cross section (Table 2.3). The curves for SOA, PA, 

and PEA are best fits from the kinetic multilayer model of gas-particle interactions in aerosols 

and clouds (KM-GAP) model,173 discussed in detail below, while the curve for SOA + CH is a 

best fit to guide the eye.  In all cases, there is a rapid initial uptake which then rises to a plateau, 

at which point there is no further net uptake.  The concentrations of the organic nitrates in the 

films are significant, reaching as high as 3 × 1016 molecules cm-2 for HHN on PA.  The amount 

taken up is much larger than a monolayer (~1014 molecules cm-2), which suggests either a) that 

the organic nitrates adsorbed and produced a multilayer film along the surface approximately 

100 monolayers thick, or b) that the organic nitrates are not simply adsorbed onto the surface but 

are penetrating and diffusing throughout the organic film.  The former seems unlikely, and 

diffusion through the organic films is feasible given the timescales of the experiments and 

estimated thicknesses of the films.  As discussed below, this is also supported by relatively slow 

desorption of the nitrates out of the film. Upon replacing the air stream containing gas phase 

tracer with that of clean dry air for desorption (~1100 seconds), the organic nitrate signal 

decreased until it was below the detection limit of the IR beam.  This is an indication that the 

process is non-reactive and reversible, and that any condensed-phase chemistry of these species 

within the films is likely not fast enough to significantly contribute on these timescales.   
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Net Uptake Coefficients  

From the initial rapid uptake, a net uptake coefficient γ can be obtained.  These are 

summarized in Table 3.1 and shown in Figure 3.3.  In the framework proposed by Pöschl, 

Rudich, and Ammann40 and Kolb et al.,39 these would be equivalent to bulk accommodation 

coefficients (b), because the nitrate in the entire film is interrogated by IR. In the application of 

Figure 3.2: Concentrations of organic nitrates in molecules –ONO2 cm-2 after exposure of (a) 
SOA, (b) SOA formed in the presence of CH, (c) PA and (d) PEA to gaseous HHN (7 ppm), 
HPN (160 ppm), and 2EHN (190 ppm).  The dashed black line indicates the experimentally-
determined limit of detection for the nitrates.  Solid lines are best fits from the KM-GAP 
model with the exception of SOA formed in the presence of CH, which is a best fit to guide 
the eye.  Error bars are ±2σ on the experimental data points determined from the uncertainty in 
the measured absorption cross section of HHN, HPN and 2EHN. 
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the KM-GAP model discussed below, the surface mass accommodation coefficients (s) were 

taken to be one, and diffusion of the gas to the surface is not limiting under our conditions. 

Table 3.1: Uptake coefficients (γ) for all three organic nitrates into thin films of particles from 
the ozonolysis of α-pinene, particles from the ozonolysis of α-pinene (AP) with 100 ppm 
cyclohexane (CH) as an OH scavenger, PA, and PEA. 

 Average Uptake Coefficienta (γ) 

Substrates 2EHN HPN HHN 

SOA (no CH) (6.6 ± 3.1) × 10-6 (1.6 ± 0.4) × 10-5 (1.8 ± 0.1) × 10-4 

SOA (with CH) (2.6 ± 1.0) × 10-6 (1.7 ± 0.9) × 10-5 (9.4 ± 2.1) × 10-5 

PA (2.3 ± 1.2) × 10-5 (2.0 ± 1.1) × 10-5 (1.6 ± 0.7) × 10-4 

PEA (1.3 ± 0.2) × 10-5 (7.7 ± 3.4) × 10-6 (1.9 ± 0.5) × 10-4 

a Error bars are ±1σ from the average of three experiments.   
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Figure 3.3: Initial uptake coefficients for all organic nitrates into SOA from the ozonolysis of α-
pinene, SOA from the ozonolysis of α-pinene with CH as an OH scavenger, PA, and PEA. Error 
bars are ±1σ from the average of multiple experiments for each organic nitrate. 

 

The limited number of data points in this initial time frame gives rise to significant error 

bars, and may underestimate the rate of uptake as the films begin to take up the organic nitrate 

and some re-evaporation from the film occurs. As discussed earlier, the gas-phase organic nitrate 

concentrations may be overestimated, and the substrate films may not be homogeneous in 

thickness, which would also result in underestimates of the uptake coefficients.  However, this 

approach should provide initial estimates of relative rates for the different organic nitrate-

substrate combinations. 

 

As seen in Figure 3.3, HHN has by far the largest net uptake coefficient for all three 

substrates, with values over an order of magnitude higher than those of HPN and 2EHN.  This is 
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not surprising, as HHN has the largest capacity for intermolecular interactions, possessing both 

the additional hydroxyl group for hydrogen bonding and the longer carbon backbone for 

dispersion interactions.  In sharp contrast, uptake of HHN is minimal on TC as well as on the 

clean crystal (Figure 3.1).  Hence, hydrogen bonding and other van der Waals’ forces with 

specific functional groups on the substrates must play a significant role to anchor the incoming 

gas phase molecule onto PA, PEA and SOA. 

 

For 2EHN and HHN, the uptake coefficient decreased by a factor of ~2 when the SOA 

was formed in the presence of an OH scavenger, whereas the uptake coefficient for HPN 

remained constant for the two conditions.  These trends are similar to those seen for the partition 

coefficients for the 2EHN, HPN and HHN into the SOA, discussed in detail later.  For a given 

organic nitrate, having a similar trend for the uptake and partition coefficients indicates that the 

relative intermolecular interactions that drive uptake on the surface must be similar to those that 

drive solubility into the bulk.  There are some composition differences between SOA formed 

with versus without the OH scavenger, discussed below, which give rise to the difference in 

uptake coefficient and partition coefficient for 2EHN and HHN.   

 

These measured uptake coefficients are orders of magnitude less than one.  This is 

reasonable given the range of previously reported uptake coefficients for both reactive and non-

reactive uptake.  For an example of reactive uptake, Fairhurst et al.174-175 reported that for the 

uptake of various amines and ammonia with a series of solid dicarboxylic acids, net reactive 

uptake coefficients ranged from 0.7 to less than 10-6.  Additionally, a previous study by 
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Donaldson et al.176 showed that the unreactive uptake of certain gases onto liquid organic films 

of oleic acid or squalene ranged from ~10-2 to less than 10-5.   

 

Calculations of the structures and binding energies for complexes of the nitrates with the 

substrates can lend insight into the forces that provide the initial anchor for the incoming nitrate.    

Binding energy calculations were carried out for complexes of one or two gas phase nitrate 

molecules (2EHN, HPN and HHN) with one PEA substrate subunit.  While PEA has an average 

molecular weight of 1000 g mol-1 and thus contains 5-6 subunits, one PEA subunit was used to 

represent the substrate due to computational constraints.   

 

Figure 3.4 shows the optimized structures for one nitrate molecule interacting with one 

PEA subunit for all the organic nitrates. The binding energies are summarized in Table 3.2.  As 

seen in Figure 3.4a, 2EHN is positioned horizontally over the PEA subunit where there are 

weaker dispersion forces between its alkyl chain and that of PEA, whereas HPN forms one 

hydrogen bond with the carbonyl group on the PEA (Figure 3.4b).  This is consistent with 

binding energies of 11.8 kcal mol-1 and 13.5 kcal mol-1 for 2EHN and HPN, respectively.  For 

HPN to be taken up, the HPN molecule must find a carbonyl with which to form a hydrogen 

bond, which introduces a steric component to the uptake.  The interaction of 2EHN with the 

surface through dispersion interactions is less sterically demanding.  Thus, although the binding 

energy for 2EHN is smaller, the higher net uptake coefficient for 2EHN is consistent with the 

lack of a significant steric effect.  Like HPN, HHN is also able to form a hydrogen bond with 
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PEA to anchor it to the substrate molecule (Figure 3.4c) with a binding energy of 14.5 kcal mol-1, 

and it prefers to orient itself vertically with the carbon tail away from the PEA.  

 

Figure 3.4: Optimized structures for one organic nitrate molecule binding with one PEA subunit 
for a) 2EHN, b) HPN, and c) HHN.  Calculations were performed by Dr. Estefania Rossich 
Molina and Dr. R. Benny Gerber.  Figure adapted from Vander Wall et al.177 

 
Table 3.2: Binding energies (kcal mol-1) for the optimized structures of either one or two organic 
nitrate molecules binding with one subunit of PEA, calculated at the B3LYP-D3/6-31+G(d) level 
of theory. Calculations were performed by Dr. Estefania Rossich Molina and Dr. R. Benny 
Gerber.   
  

Binding energy (kcal mol-1) 

 
HPN 2EHN HHN 

RONO2 : PEA 13.5 11.8 14.5 

2 RONO2 : PEA 18.5 18.0 30.0 
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Further insight was gained by carrying out calculations for two organic nitrate molecules 

interacting with the PEA subunit.  Figure 3.5 shows the optimized structures.  The binding 

energies for these structures are also found in Table 3.2.  The binding energies for 2EHN and 

HPN are similar (18.0 and 18.5 kcal mol-1, respectively), and are higher than for one organic 

nitrate on one PEA subunit.  The binding energy for two HHN molecules with one PEA subunit 

is much higher, 30.0 kcal mol-1.  This is due to a contribution from hydrogen bonding between 

the HHN nitrate functional group and the PEA terminal hydroxyl group.  Since only one PEA 

subunit was used to represent the substrate, and the polymer itself does not have repeating 

internal hydroxyl groups, the importance of binding to the terminal hydroxyl and the binding 

energies may be overestimated.  However, the structure in Figure 3.5 shows both HHN 

molecules assemble vertically, indicating the HHN molecules may be able to assemble along the 

surface of PEA similar to a self-assembled monolayer, allowing for some dispersive interactions 

between the HHN carbon backbones.  This is consistent with the higher uptake coefficient value 

for HHN.   
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Figure 3.5: Optimized structures for two organic nitrate molecule binding with one PEA subunit 
for a) 2EHN, b) HPN, and c) HHN.  Calculations were performed by Dr. Estefania Rossich 
Molina and Dr. R. Benny Gerber.  Figure adapted from Vander Wall et al.177 

 

Partition Coefficients and Mole Ratios of Organic Nitrates 

From the plateau regions of Figure 3.2, mole ratios were calculated for each organic 

nitrate-substrate combination.  Table 3.3 shows the average ratio of moles of –ONO2 to moles of 

C=O after exposing SOA, PA, and PEA to each organic nitrate for ~1000 seconds.  The mole 

ratios show large amounts of organic nitrate, up to 0.59 for the case of HHN on PA.  These large 

ratios of nitrate to substrate suggest that the nitrate is not simply adsorbing onto the surface of 

the solid films, but instead is penetrating and diffusing into the films as discussed above.    
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Table 3.3: Average mole ratios of –ONO2 to -C=O for PA, PEA, and SOA formed either with or 
without 100 ppm CH as an OH scavenger, after exposure to each organic nitrate for 1047 
seconds, at which point equilibrium has been reached.  

 Mole Ratioa 

Substrates 2EHN HPN HHN 

SOA (no CH) 0.088 ± 0.007 0.55 ± 0.29 0.36 ± 0.06 

SOA (with CH) 0.022 ± 0.014 0.35 ± 0.19 0.15 ± 0.03 

PA 0.24 ± 0.12 0.27 ± 0.12 0.59 ± 0.16 

PEA 0.046 ± 0.006 0.077 ± 0.031 0.12 ± 0.04 

a Error bars are ± 1σ from the average of at least three experiments. 

 

Partition coefficients (KA) were calculated as described above and are summarized in 

Table 3.4.  As shown in the table, HHN has the largest partition coefficient (i.e., the largest 

solubility), with values up to two orders of magnitude larger than the other organic nitrates.  

Additionally, the KA values for HHN exhibit a clear trend across the substrates, with KPA > KSOA 

> KSOA+CH ~ KPEA.  This trend for 2EHN is similar, with KPA > KSOA > KPEA > KSOA+CH, while the 

trend for HPN shows KSOA ~ KSOA+CH ~ KPA > KPEA.  
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Table 3.4: Partition coefficients (KA) calculated for the uptake of the organic nitrates into thin 
films of particles formed either with or without CH, and into thin films of PA and PEA. Error 
bars are ±1σ from the average of three experiments.   

 Average Partition Coefficient (KA) 

Substrates 2EHN HPN HHN 

SOA (no CH) (1.1 ± 0.1) × 105 (5.4 ± 2.0) × 105 (9.0 ± 1.0) × 106 

SOA (with CH) (3.2 ± 1.5) × 104 (4.4 ± 2.0) × 105 (4.9 ± 0.8) × 106 

PA (2.4 ± 0.8) × 105 (3.9 ± 1.1) × 105 (1.2 ± 0.1) × 107 

PEA (7.4 ± 0.8) × 104 (1.5 ± 0.6) × 105 (4.3 ± 0.6) × 106 

 

The differences in their intermolecular interactions provide some insight into these 

trends.  In the case of HPN, H-bonding will dominate, as it can both donate and accept H-bonds.  

In contrast, dispersion forces will likely dominate for 2EHN with its larger alkyl chain.  The 

crystal structure of PA exhibits a head-to-tail arrangement with the acidic hydrogen of one 

molecule hydrogen bonding to the ketone carbonyl of the next molecule.178  Although the PA in 

the film may no longer be in the crystalline form, the FTIR spectrum for the PA film indicates 

the carbonyl-containing groups are hydrogen-bonded (Figure 2.13), which is similar to the 

crystal structure.  The acid carbonyl does not participate in the self-hydrogen bonding network, 

and therefore can accept hydrogen bonds from other molecules, for example from HPN.  

However, PA also has a significant hydrocarbon backbone, allowing the dispersion forces to 

contribute as well.  The relative strengths of these interactions are apparently similar enough to 

cause 2EHN and HPN to have similar solubilities in PA. 
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For SOA, the partition coefficient for HPN is about a factor of five larger than for 2EHN, 

indicating stronger attractive forces between the components of SOA and HPN.  SOA is an 

amorphous mixture containing many different acids and polar functionalities that are available to 

hydrogen bond to the -OH group of HPN as well as its –ONO2 group.141  The additional 

hydrogen-bonding capacity of HPN appears to play a significant role in enhancing its solubility 

in SOA compared to the solubility of 2EHN.   

 

To further examine the role of these intermolecular interactions in the partitioning and 

solubility in SOA, the uptake of the organic nitrile NN (whose vapor pressure of 1.3 × 10-4 atm is 

similar to that of 2EHN, Table 2.1 and Table 2.2) was quantified.   Figure 3.6a shows an ATR-

FTIR spectra for impacted SOA particles alone and a spectra after exposure to ~100 ppm of gas 

phase NN upon reaching equilibrium (after ~4000 seconds).  Figure 3.6b shows the time profile 

for the nitrile functional group signal (-CN) at 2250 cm-1 after exposure of the SOA to ~100 ppm 

NN, and the subsequent desorption where the NN air stream was replaced with clean, dry air 

after ~4000 seconds.  Initial uptake coefficients were not quantified for the uptake of NN as the -

CN signal took minutes to rise above the limit of detection, likely due to the smaller absorption 

cross section for NN (Table 2.4).  From the equilibrium plateau, the partition coefficient was 

quantified as described previously using the -CN functional group to quantify NN and the 

carbonyl to quantify the SOA, and was found to be (4.0 ± 0.2) × 105 (± 1σ).   This partition 

coefficient is larger than that of 2EHN and about equal to that of HPN, but smaller than that of 

HHN.  NN has a C9 linear hydrocarbon chain, longer than that of any of the organic nitrates.  In 

addition, the C≡ N bond of nitrile functional groups is known to be quite polar, with a bond 

dipole moment larger than that of a C=O for a carbonyl or the O-H for a hydroxyl group.179  The 
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increased dispersion interactions must then play a role in the solubility of NN when compared to 

HPN, which has the smallest hydrocarbon tail, and 2EHN which has a branched hydrocarbon 

tail.  However, while NN’s dispersion interactions from the hydrocarbon tail and the polarity of 

the nitrile functional group result in a larger solubility than 2EHN and a comparable solubility to 

HPN, the solubility of NN is much smaller than that of HHN.  HHN has both an increased 

hydrogen-bonding capacity due to being a hydroxy-nitrate and a C6 linear hydrocarbon tail.  

These factors combined result in HHN having the highest partition coefficient/largest solubility 

in the SOA of the studied molecules. 

 

Figure 3.6: a) Typical ATR-FTIR spectra for SOA alone, and SOA after exposure to ~100 ppm 
NN (g) for approximately 4000 seconds.  The inset shows the region from 2000-2400 cm-1, with 
vertical dashed lines marking the 2250 cm-1 peak for the -CN.  b) Concentration of NN in 
molecules –CN cm-2 after exposure of SOA without CH as an OH scavenger to ~100 ppm gas 
phase NN.  Solid lines are best fits to guide the eye.  Error bars are ± 2σ on the experimental data 
points determined from the uncertainty in the measured absorption cross section of NN.  The 
dashed line shows the limit of detection.   
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It is important to note that vapor pressures are not necessarily a good measure of 

incorporation of the nitrates into the organic substrates.  Thus, while 2EHN and HPN have 

similar vapor pressures (Table 2.1), the solubility of HPN in SOA formed in the absence or 

presence of an OH scavenger is about 5 to 14 times that of 2EHN, respectively. Similarly, the net 

uptake coefficient of 2EHN on PEA is about twice that of HPN.  

 

Likewise, the O:C ratio is not a good predictor of uptake and partitioning.  The O:C ratios 

for the organic nitrates are 0.67 for HHN, 0.38 for 2EHN, and 1.3 for HPN.  The O:C ratios for 

PEA and SOA are similar: 0.52 and 0.50, respectively.  However, the partition coefficients for all 

the organic nitrates are greater on SOA than on PEA.  The O:C for PA is smaller (0.30), yet the 

partition coefficient of HHN is higher than in PEA and SOA. Similarly, the solubility of HPN is 

larger for PA relative to the PEA.  This emphasizes the importance of intermolecular interactions 

both at the surface and in the bulk as fundamental. 

 

For HPN, the partition coefficient on impacted particles formed without CH is not 

statistically different from that measured on impacted particles formed in the presence of CH, 

and is in excellent agreement with the air-octanol partition coefficient of (4.2  0.3) ×105 

reported by Treves et al.180  This suggests that the magnitude of the HPN partitioning into the 

particles is unaffected by any composition changes in the SOA resulting from changes in the 

chemistry in the presence of the OH scavenger.  It is interesting that the partition coefficients 

into SOA and octanol are similar and both are larger than into water,181-182 suggesting that even 
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with the hydrogen bonding possibility to the alcohol group of HPN, dispersion forces between 

HPN and SOA are important as well. 

 

For 2EHN and HHN, the partition coefficients decrease when the SOA is formed in the 

presence of the OH scavenger by factors of ~3 and ~2, respectively.  This reduction in 

partitioning indicates decreased solubility of 2EHN and HHN into the bulk of the film, which 

could reflect differences in the SOA composition when CH is added to scavenge the OH.  Table 

3.5 shows the O:C and H:C ratios and the oxidation state of carbon (OSc) determined by AMS.183 

Only very small changes in the bulk elemental composition were exhibited, consistent with 

previous reports for AP ozonolysis SOA formed with or without an OH scavenger.184  However, 

this may simply reflect that functional group changes important in determining solubility are not 

detected in these bulk measurements.  The percent change of a few major fragments by AMS 

when OH scavenger is present (Figure 3.7) shows that there are some changes in the SOA bulk 

composition.  Why this results in changes in the partition coefficients for 2EHN and HHN but 

not for HPN is not clear, but it illustrates the need for a detailed molecular level understanding of 

the composition of SOA.185-186    
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Table 3.5: AMS elemental analysis for SOA formed without organic nitrates either with or 
without 100 ppm of CH as an OH scavenger (Series C) at 31 minutes reaction time. The 
oxidation state of carbon (OSc) is determined by 2(O:C) – H:C.183  

 SOAa SOA + CHa  

O:C 0.51 ± 0.02 0.48 ± 0.01 
 

H:C 1.6 ± 0.01 1.6 ± 0.01 
 

OSc -0.58 ± 0.05 -0.64 ± 0.03 
 

          aError bars are ± 2σ 

 

 

Figure 3.7: Percent change of some of the major fragments observed in the AMS spectra when 
CH is present compared to SOA formed without CH at 31 minutes reaction time.  All fragments 
have been divided by HROrg to account for differences in the total mass loading.  Negative 
values indicate that the fragment is less abundant when the OH is scavenged, while positive 
values indicate that the fragment is more abundant when the OH is scavenged.  Error bars are 
±2σ from the average of three experiments.   
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KM-GAP  

The KM-GAP model173 was used to investigate diffusion of organic nitrates through the 

organic film into the bulk. One observation is that bulk diffusion coefficients need to be treated 

as composition-dependent with Vignes equations to reproduce the entire data set, and a 

composition-independent constant diffusion coefficient scenario did not accurately capture the 

experimental data.  An example is shown in Figure 3.8 for uptake of HHN on PA.  Although 

both parameterizations fit the uptake of the organic nitrate onto the substrate reasonably well, a 

constant diffusion coefficient over-predicted how quickly HHN would diffuse back out of the PA 

film, whereas a composition-dependent diffusion coefficient was a better match to the 

experimental data (Figure 3.8, solid lines).    

 

 

Figure 3.8: Uptake of HHN on PA. Points are the experimental data, where the error bars 
represent the uncertainty in the absorption cross section (±2σ). The solid line shows the 
prediction from KM-GAP using a changing composition-dependent diffusion coefficient 
scenario, while the dashed line shows the prediction using a constant composition-independent 
diffusion coefficient. Model calculations were performed by Dr. Pascale Lakey and Professor 
Manabu Shiraiwa.  Figure adapted from Vander Wall et al.177   
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Figure 3.9 shows the KM-GAP predicted concentration gradients for the organic nitrates 

as a function of time.  The y-axis of Figure 3.9 indicates the distance from the bottom of the film. 

These profiles indicate that the organic nitrate has indeed penetrated through the entirety of the 

film over the course of the experiments.  Increases in the film thickness indicates that the organic 

film has swelled due to uptake of significant amounts of the organic nitrate. Figure 3.10 shows 

the accompanying changes in diffusion coefficients predicted by the KM-GAP model. The 

profiles indicate that there is a plasticizing effect upon incorporation of the organic nitrate, 

shown by the increases in diffusion coefficients for several nitrate-substrate systems.   
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Figure 3.9: Contour plots for the organic nitrate concentrations in molecules cm-3 in the PA, PEA, and SOA films as a function of 
time and distance from the bottom of the film. Model calculations performed by Dr. Pascale Lakey and Professor Manabu Shiraiwa.  
Figure adapted from Vander Wall et al.177   
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Figure 3.10: Contour plots showing the change in diffusion coefficient for the organic nitrate through PA, PEA, and SOA, as a 
function of time and distance from the bottom of the film. Model calculations performed by Dr. Pascale Lakey and Professor Manabu 
Shiraiwa.  Figure adapted from Vander Wall et al.177   
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Furthermore, upon desorption, the removal of the organic nitrate from the topmost layers 

of the substrate results in decreasing diffusion coefficients in the upper layers of the film as they 

partially re-solidify without the organic nitrate.  This results in a ‘crusting’ scenario with higher 

diffusion coefficients (and thus lower viscosities) in the lower layers of the film and a more 

viscous outer layer or ‘crust’ towards the surface.  Figure 3.11 shows an expanded view as an 

example of the crusting on the surface of the film of SOA as 2EHN desorbs from the surface 

layer.  This ‘crusting’ effect has been observed in previous work by Boyd et al.80 on the 

evaporation kinetics of mixed limonene and β-pinene SOA, as well as by Pfrang et al.79 on the 

chemical aging and transformation of multi-component organic aerosol particles.  

 

Figure 3.11: An expanded view of the diffusion coefficient contour plot for 2EHN on SOA.  
Model calculations performed by Dr. Pascale Lakey and Professor Manabu Shiraiwa.  Figure 
adapted from Vander Wall et al.177   
 

Comparison of Trends in Uptake Coefficients and Partitioning  

HHN exhibits the largest partition and net uptake coefficients compared to the other 

organic nitrates, and also provides the most pronounced differences in uptake versus solubility 
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across the three substrates.  Although both the uptake coefficient and partition coefficient for 

HHN decrease from SOA without OH scavenger to SOA with CH as an OH scavenger, the 

uptake coefficient for HHN is similar for SOA without OH scavenger, PA and PEA (Figure 3.3 

and Table 3.1), while the solubility of HHN in PEA is lower than that in PA and SOA (Table 

3.4).  This suggests that the interactions between the nitrate and the substrate in the bulk are 

different than those controlling uptake at the substrate surface.  Figure 3.12 compares the trends 

in net uptake and partition coefficients for the three nitrates on SOA either with or without OH 

scavenger.  For SOA without OH scavenger, the uptake coefficient increases by a factor of 26 

from 2EHN to HHN, whereas the partition coefficient increases by a factor of 83.  For 

comparison, for SOA formed with an OH scavenger the uptake coefficient increases by a factor 

of 36 from 2EHN to HHN, and the partition coefficient increases by a factor of 154.  Thus, the 

increase of the solubility is greater than that of the uptake coefficient, indicating that the relative 

contributions of the different attractive forces between the organic nitrates and the substrate must 

differ for the surface relative to those in the bulk.  This is reasonable, given that the organic 

nitrates in the bulk are surrounded by neighboring molecules with opportunities to optimize the 

full range of van der Waals’ interactions, including H-bonding, electrostatic interactions between 

partial charges, and dispersion interactions.  On the other hand, an incoming gaseous organic 

nitrate molecule is affected only by available functional groups located on the surface, which 

will determine the nature and magnitude of the attractive forces.  In the case of HHN on SOA, 

for example, if HHN is H-bonded to the surface in such a manner that the interactions of the 

alkyl chain with the surface are less than in the bulk where the HHN is engulfed by SOA 

components, relatively smaller uptake coefficients than expected based on the bulk behavior 

could result.  Consistent with this and as discussed earlier, Figure 3.5 shows that HHN is 
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predicted to be oriented perpendicular to the PEA surface, minimizing dispersion forces between 

HHN and the surface PEA.  This illustrates the importance of understanding both the nature of 

the surface and the nature of the gas in predicting uptake of gases into highly viscous particles, 

and hence their growth mechanisms in air. 

 

 

3.3 Conclusions 

Intermolecular interactions between gases and atmospheric particle surfaces play an 

important role in SOA particle growth.  The present results indicate that a combination of polar 

and nonpolar interactions with the surface of SOA particles formed by the ozonolysis of α-

Figure 3.12: (a) Initial uptake coefficients and (b) equilibrium partition coefficients for all organic 
nitrates into SOA formed without OH scavenger, and (c) initial uptake coefficients and (d) 
equilibrium partition coefficients for all organic nitrates into SOA formed with 100 ppm CH as an 
OH scavenger. Error bars are ±1σ from the average of multiple experiments for each organic nitrate 
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pinene play a role in gas uptake.  However, the interactions determining this uptake are not 

necessarily the same as those occurring in the bulk, and hence the uptake coefficients and 

partition coefficients do not always correlate.  Furthermore, trends in vapor pressure are also not 

necessarily good indicators of uptake or partitioning.  Note that these uptake coefficients may be 

orders of magnitude less than one and will certainly depend on both the nature of the gas and the 

surface.  Gas partitioning into these substrates can change the viscosity of the film and thus to 

increase the diffusion coefficients in the bulk. Furthermore, diffusion coefficients can decrease as 

the nitrates diffuse back out due to the formation of a crust near the surface.  This has 

implications in the kinetics of condensed phase chemistry occurring in the bulk versus at the 

surface of particles.  More knowledge of the nature of the surface of SOA particles, and how 

gaseous species interact with these surfaces, will allow for a better understanding of SOA 

particle growth to better predict their effects on Earth’s climate. 
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Chapter 4: Incorporation During Particle Growth in an Aerosol Flow Reactor 
– The Role of the Hydroxyl Radical 

 

4.1 Research Goals 

 Chapter 3 described the incorporation of the molecular probes into impacted particles and 

films of model substrates to examine the intermolecular interactions between the gas phase 

species and the condensed phase.  This chapter focuses on the incorporation of the molecular 

probes during particle formation and growth in a flow reactor, with emphasis on the role of the 

hydroxyl radical chemistry.  This provides a foundation for understanding experiments described 

in Chapter 5 when an OH scavenger is present.   

 

4.2 Results and Discussion 

The role of the hydroxyl radical in the incorporation of the molecular probes (or tracers) 

was examined during the particle formation and growth process (series C and D) in a large 

aerosol flow reactor using ATR-FTIR and HR-ToF-AMS.  Figure 4.1a shows the ATR-FTIR 

spectra for impacted particles from AP ozonolysis alone (without organic nitrate or OH 

scavenger) and for particles formed in the presence of 2EHN, HPN, or HHN at 31 minutes 

reaction time.  Figure 4.1b shows the ATR-FTIR spectra for the particles formed in the presence 

of an OH scavenger.  While the organic nitrate peaks at 1630 cm-1 and 1280 cm-1 are seen in the 

spectrum when 2EHN is present during particle formation, there is much less organic nitrate 

after the addition of the OH scavenger.  Similar results were obtained for SOA formed in the 

presence of HHN.  For HPN, the organic nitrate signal was below the limit of detection by FTIR 

either with or without the OH scavenger.   
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Figure 4.1: ATR-FTIR spectra for a) impacted particles alone and formed in the presence of 
2EHN (5.6 ppm), HPN (4.7 ppm), or HHN (0.21 ppm) in the stainless steel flow reactor (Series 
D) without an OH scavenger, and b) impacted particles alone and formed in the presence of 
2EHN, HPN or HHN at the same concentrations in the stainless steel flow reactor in the presence 
of CH as an OH scavenger (Series D).  The region between 2500 – 2000 cm-1 is not shown due 
to variations in the CO2 in the sampling compartment.   

  

Comparison of the SOA itself formed either with or without CH shows some change in 

the -CH region (3000-2800 cm-1).  Although CH is too volatile to partition into the particle 

phase, some of its OH oxidation products may be taken up and contribute to the particle growth.  

Figure 4.2 shows the ATR-FTIR spectra for cyclohexanone and cyclohexanol, which are among 

the expected products from the CH + OH reaction.187-189 This shows that the CH + OH products 

may be contributing to the changes seen in the particles formed in the presence of CH.   
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Figure 4.2: ATR-FTIR spectra for impacted SOA particles alone and SOA particles formed with 
CH as an OH scavenger.  Also shown are the spectra for liquid cyclohexanone and cyclohexanol.  
The cyclohexanone and cyclohexanol spectra have been scaled by a factor of 0.1.  The region 
between 2500 – 2000 cm-1 is not shown due to variations in the CO2 in the sampling 
compartment.  The dashed lines at 2915 and 2850 cm-1 are guides for the eye.   
 

 The incorporation of a series of organic nitrates and organic nitriles was examined in the 

absence of an OH scavenger. The ATR-FTIR spectra for SOA alone and formed in the presence 

of various gas phase concentrations of 2-ethylhexyl nitrate (2EHN), isobutyl nitrate (IBN), 

nonane nitrile (NN) and valeronitrile (VN) are shown in Figure 4.3.  As seen in the spectra, the 

contribution of the -ONO2 peaks at 1630 and 1280 cm-1 (Figure 4.3a and Figure 4.3b) and the -

CN peak at ~2250 cm-1 (Figure 4.3c and Figure 4.3d) increases with the initial concentration of 

the gas phase tracer.  Figure 4.4a shows the experimentally measured moles -ONO2 or -CN per 

liter of SOA for these tracers as well as β-hydroxyhexyl nitrate (HHN) and β-hydroxypropyl 

nitrate (HPN), quantified as described in Equation 2.6-Equation 2.8.  As expected, the 

contribution of the organic nitrate or nitrile to the particles increases with the concentration of 

the gas phase tracer. 
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Figure 4.3: ATR-FTIR spectra for SOA formed from 250 ppb AP and 250 ppb O3 alone in the absence of an OH scavenger, and 
formed in the presence of different concentrations of a) 2EHN (g), b) IBN (g), c) NN (g), and d) VN (g).  The insets on c and d show 
the 2000-2500 cm-1 range for the absorption of the nitrile -C≡N stretch.   
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Figure 4.4: a) Experimentally measured moles -ONO2 or moles -CN per liter of SOA and b) 
moles -ONO2 or moles -CN per liter of SOA predicted using Kintecus®137 for four organic 
nitrates (2EHN, HHN, HPN, and IBN) and two organic nitriles (NN and VN),  for SOA formed 
from 250 ppb AP and 250 ppb O3 in the presence of varying initial concentrations of each tracer 
and in the absence of an OH scavenger, at 31 minutes reaction time.  Closed circles show the 
values quantified by ATR-FTIR, while the star for HPN indicated quantification by HR-ToF-
AMS.  Solid lines are best fits to guide the eye.   
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When the gas-phase tracer is present in the flow reactor in the absence of an OH 

scavenger, the tracers can react in the gas phase with the OH radical generated from the 

ozonolysis reaction.  Figure 4.4b shows the moles -ONO2 or -CN per L SOA for each 

experimental condition in Figure 4.4a predicted using a simple kinetic reaction scheme (Table 

2.6).  The model assumed that all of the reacted AP turns into a particle-phase species with a 

molecular weight of 200 g mol-1 and a density of 1.2 g cm-3,138, 141-143 and that all of the tracer 

that reacts with OH partitions into the particle phase while maintaining the -ONO2 or -CN 

functional groups.   

 

The calculated OH rate constants for 2EHN and HHN are similar, and are a factor of 

approximately three larger than that for HPN or IBN (Table 2.6).135  This is due to the long alkyl 

chains in 2EHN and HHN, which provide a number of potential sites for hydrogen abstraction by 

OH.  Similarly, the OH rate constant for NN is approximately four times larger than that of VN.  

Many of the products formed from OH oxidation of these long alkyl chains are expected to be 

more functionalized and have lower volatility than the parent organic nitrate.  Scheme 4.1 shows 

some of the likely routes for oxidation of 2EHN, HPN and HHN as an example.  Thus, the 

combination of higher rate constants and lower volatility OH oxidation products for 2EHN and 

HHN are such that the products of OH oxidation can contribute significantly to the mass of the 

SOA in the absence of an OH scavenger.   
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Scheme 4.1:  Simplified reaction scheme showing some pathways for OH oxidation of 2EHN, 
HPN and HHN. The vapor pressures for each compound were estimated using SIMPOL.1.126  
Hydroxyl radical attack on a secondary carbon is shown for 2EHN and HHN due to the higher 
relative contribution of the sum of the secondary carbons to the total OH rate constant compared 
to that of the one tertiary carbon.   

 

For the smaller species such as HPN, more of the reaction leads to higher volatility 

products that are not likely to contribute significantly to the SOA mass.  Although the 

predominant pathway for OH reaction with 2EHN is through the secondary carbons due to their 

large number, 2EHN also has a tertiary carbon that can lead to fragmentation products.  This may 

explain the model’s overprediction for 2EHN (and also IBN).  Additionally, as discussed in 

detail later, the particulate nitrate signal for the experiments with HPN was unaffected by the 

presence of an OH scavenger.   

 

The trends seen in the organic nitrate signal measured by FTIR (Figure 4.1) in the 

presence or absence of the OH scavenger are also supported by the AMS data.  Figure 4.5 shows 

the number of moles RONO2 taken up per liter of SOA calculated from the AMS data at 31 min 
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reaction time (there was no statistical difference between 7 min and 31 min reaction time).  

Consistent with the FTIR data, the signal for 2EHN increases significantly (by a factor of ~14) 

when the SOA is formed in the absence of the OH scavenger.  This factor is larger than that of 

Series A, indicating that it is the oxidation products of 2EHN that are incorporated into the SOA, 

and the difference is not simply due to a difference in the SOA bulk composition.  A similar but 

smaller trend is seen for HHN (a factor of ~2.5), whereas the amount of HPN in the particles is 

unaffected by the presence of the OH scavenger.  However, it should be noted that the detection 

methods used here (FTIR and AMS) focus on functional group analysis and are not direct 

measurements of the specific parent organic nitrate.    

  

 

Figure 4.5: Quantification of moles of organic nitrate per liter of SOA (moles RONO2 L-1 SOA) 
for SOA formed in the presence of  2EHN (5.6 ppm), HPN (4.7 ppm), or HHN (0.21 ppm), with 
or without OH scavenger at 31 minutes reaction time (Series C).  Error bars are ± 2σ from the 
average of three experiments. 
 
 

The much smaller effect seen for HHN is due to the smaller gas phase concentrations that 

were able to be added to the flow system, which results in HHN not competing very effectively 
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with the -pinene for the OH radical generated in the ozonolysis.  Thus, the initial first order 

rates of loss of OH, estimated using k[X]0, where X = AP or RONO2, are 3.3 × 102 s-1 for AP and 

8.8 × 102 s-1 for 2EHN under the conditions shown in Figure 4.5 (the rate for AP decreases with 

time due to reaction with O3).  As a result, 2EHN competes with AP for OH, forming oxidized 

alkyl nitrate products that are incorporated into the SOA.  On the other hand, k[X]0 for HHN is 

only 27 s-1, so relatively small amounts are oxidized by OH, whose removal is now mainly via 

reaction with AP, and incorporation of the unoxidized parent HHN contributes relatively more 

than its oxidation products to SOA growth.  This is consistent with the magnitude of change in 

the incorporation of HHN into SOA formed with versus without CH, being similar for series A 

(uptake into preformed SOA) and series C/D (incorporation during SOA formation).  While the 

first order loss rate for HPN by OH is 1.9 × 102 s-1, many of the oxidation products are 

sufficiently small that they will not be efficiently incorporated into the SOA. 

 

The contribution of OH radical chemistry is also manifested in the decrease in the particle 

number concentration in the presence of the OH scavenger, and in the presence of the organic 

nitrates which can also scavenge OH (Figure 4.6).  Note that the total particle number 

concentration is smaller in the presence of CH (Figure 4.6a).  This is consistent with previously 

reported work on the impact of the OH chemistry on SOA formation.190-191  For example, Berndt 

et al.192 showed that the OH radical plays an important role in the formation of highly-

oxygenated organic molecules (HOMs), and thus scavenging the OH suppresses the formation of 

these HOMs, lowering SOA yields.  Figure 4.6b, 4.6d, and 4.6f show the particle size 

distributions when organic nitrates are present during SOA formation without CH.  A decrease in 

SOA is seen in the presence of 2EHN in a manner that is qualitatively similar to that due to 



79 
 
 

addition of CH alone (Figure 4.6a), while there is little impact for HPN and no impact at all for 

HHN.  This is consistent with the relative rate constants for OH reaction with the organic nitrates 

versus CH (Table 2.6) and the initial concentrations of these compounds.  As described above, 

2EHN competes with AP for OH, but HHN does not.  The rate of loss of OH by CH is 1.8 × 104 

s-1, which overwhelms the reaction of OH with AP or the organic nitrates.  Based on kinetics 

modeling using Kintecus®137 and a simplified reaction scheme (Table 2.6), less than 0.1% of the 

parent tracer reacts with OH after 31 min reaction time, indicating that 100 ppm CH is sufficient.  

Additional experiments were done for 2EHN using 500 ppm CH, and there was no statistical 

difference in the amount of 2EHN incorporated, supporting that 100 ppm CH is enough to 

adequately scavenge the OH.  At 31 min reaction time without CH present, approximately 1.3% 

of the 2EHN has reacted with OH compared to ~0.8% of the HPN and ~4.3% of the HHN.  This 

is consistent with the trend in the impacts on SOA, given the much lower initial gas phase 

concentration of HHN compared to the other organic nitrates.  
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Figure 4.6: Particle number distributions (# cm-3) at 31 minutes reaction time for a) SOA alone 
and formed in the presence of CH as an OH scavenger, b) SOA alone and formed in the presence 
of 2EHN (5.6 ppm), c) SOA formed in the presence of 2EHN either with or without CH, d) SOA 
alone and formed in the presence of HPN (4.7 ppm), e) SOA formed in the presence of HPN 
either with or without CH, f) SOA alone and formed in the presence of HHN (0.21 ppm), and g) 
SOA formed in the presence of HHN either with or without CH.  Error bars are ±1σ from the 
average of three scans, and solid lines are best fit distributions to guide the eye.    

 
In the absence of an OH scavenger, partition coefficients for 2EHN and HHN cannot be 

reliably quantified due to contributions from the RONO2 + OH oxidation products whose 

identity and gas phase concentrations are not known.  Instead, the concentrations of RONO2 in 
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SOA (moles of RONO2 per liter of SOA) were measured using both AMS (Figure 4.5) and FTIR 

as described in the experimental methods (Series C and D).  The values for 2EHN and HHN are 

summarized in Table 4.1, showing the two methods are in relatively good agreement.  Only the 

AMS value (Series C) is reported for HPN, as it was below the detection limit by FTIR.    

 

Table 4.1: Organic nitrate content (moles L-1 SOA) for particles formed in the presence of 5.6 
ppm 2EHN, 4.7 ppm HPN, or 0.21 ppm HHN in the absence of an OH scavenger (Series C and 
D, no CH). 

 RONO2 content (Moles L-1 SOA) 
a 

Series C (AMS) 
RONO2 content (Moles L-1 SOA) 

a,b 

Series D (FTIR) 

2EHN 1.6 ± 0.3 1.6 ± 0.2 

HPN 0.29 ± 0.03 n/ac 

HHN 0.34 ± 0.05 0.50 ± 0.05 

aError bars are ± 2σ from the average of three experiments.    
bFTIR quantification used the absorption cross section of the parent organic nitrate.177 
cHPN was below the detection limit for FTIR. 
 

4.3 Conclusions  

The partitioning of various molecular probes into SOA particles in the absence of an OH 

scavenger was examined.  The OH oxidation of these gas phase species leads to more oxidized 

lower volatility molecules which, in the case of those species with long hydrocarbon tails, 

partition into the particles to an even greater extent than the parent molecule.  In the case of the 

smaller branched hydrocarbon chains, reaction with OH can lead to fragmentation, resulting in 

higher volatility products which will not be readily taken up into the particle phase.  Although 

the OH rate constant for these species is smaller, reaction with OH remains a prevalent pathway 

and must be considered for these volatile organic molecules.    
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Chapter 5: Incorporation During Particle Growth in an Aerosol Flow Reactor 
in the Presence of an OH scavenger 

 
5.1 Research Goals 

 The previous chapter established that when the molecular probes are present during 

particle formation and growth (series C and D) in a flow reactor in the absence of an OH 

scavenger, the reaction of OH with the molecular probes can enhance the amount incorporated 

by formation of more oxygenated, lower volatility products.  This chapter focuses on the same 

system, but in the presence of an OH scavenger, which enables the quantification of partition 

coefficients for the molecular probes into the particles without complications from the OH 

oxidation.   

  

 

5.2 Results and Discussion 

When an OH scavenger is present, the main chemical pathway for reaction of the gas 

phase molecular probes (in this case, gas phase organic nitrates) is removed.  Although Criegee 

intermediates may react with organic nitrates, this pathway is not likely to contribute 

significantly, as the major Criegee intermediate reactions are likely to be with carboxylic acids 

with a  rate constant of ~10-10 cm3 molecule-1 s-1.193  Additionally, the experiments discussed in 

Chapter 3 showed the incorporation of these species into particles after growth was reversible, 

indicating that particle-phase reactions of these tracers do not significantly occur on the 

timescales studied here.  Thus, the measured signal for particulate-phase nitrate is attributed to 

the incorporation of the parent molecule, and partition coefficients can be calculated.  Partition 

coefficients (KC, defined as the ratio of [-ONO2]film/[-ONO2]gas where [-ONO2]film and [-ONO2]air 

are the concentrations of organic nitrate in the film and in air, respectively) were calculated using 
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the AMS data for series C where the organic nitrates were present in the flow reactor while 

particles were forming and growing.  Table 5.1 summarizes these partition coefficients at 31 min 

reaction time, which shows the same increasing trend from 2EHN to HPN to HHN seen for the 

incorporation after growth (Chapter 3).   

 

Table 5.1:  Comparison of partition coefficients into SOA formed in the presence of an OH 
scavenger when the organic nitrates are incorporated after growth (Series A, KA, and Series B, 
KB), or during growth (Series C, KC).   

Organic 

Nitrate 

KA (Series A)a,b KB (Series B)c,d KC (Series C)b,c,e Ratio KC/KA 

2EHN (3.2 ± 1.5) × 104 (2.9 ± 0.7) ×104 (4.7 ± 1.0) × 105 15 ± 7.6 

HPN (4.4 ± 2.0) × 105 (1.1 ± 0.1) × 105 (1.7 ± 0.2) × 106 3.9 ± 1.8 

HHN (4.9 ± 0.8) × 106 n/af (1.6 ± 0.3) × 107 3.3 ± 0.81 

aUsing ATR-FTIR on impacted particles exposed to RONO2. 
bError bars are ±1σ from the average of three experiments. 
cUsing AMS on suspended particles exposed to RONO2.   
dError bars are ±1σ from the average of ~1-8 minutes exposure time 
eValues are taken at 31 minutes reaction time in the stainless steel flow reactor 
fSeries B not done for HHN due to decomposition of the organic nitrate. 

 

To establish that the uptake into impacted particles is similar to particles suspended in air, 

experiments were carried out in which the SOA particles were denuded (to reduce the amount of 

α-pinene gas phase oxidation products), diverted to a mini glass flow tube, and subsequently 

exposed to gas phase 2EHN or HPN (series B).  In the case of 2EHN, the measured 2EHN 

concentration (~120 ppm) was similar in magnitude to that used for the impacted particles in 

series A.  The gas phase concentration of HPN in this series could not be accurately measured 

from the glass flow tube due to losses on the walls and sampling line.  However, the measured 

concentration of 2EHN in series B showed ~40% loss to the glass walls of the flow tube when 
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compared to the gas phase concentration directly out of the trap.  Assuming a slightly higher 

percent loss of 50% of the more oxygenated HPN to the walls of the glass flow tube, the 

resulting gas phase concentration is ~80 ppm.   The partition coefficient for series B was 

determined using AMS for times of exposure to the gas phase RONO2 of approximately one to 

eight minutes.  These exposure times encompass the timeframe for the organic nitrate to reach 

equilibrium in experiments on impacted particles, which was approximately 2-3 min (Figure 

3.2).  The average partition coefficient (KB) for 2EHN is in reasonable agreement with that for 

series A (Table 5.1). The agreement is not as good for HPN, which may be due to uncertainties 

in the gas phase concentration due to wall losses.  These experiments confirm that suspended 

particles come to the same equilibrium as the thin film of impacted particles upon exposure to 

high concentrations of organic nitrates.  It also demonstrates that both the AMS and the FTIR 

measurements are in excellent agreement with each other.   

 

The concentration of the organic nitrate in series B was then reduced by removing the 

reservoir inside the glass flow tube and instead introducing the organic nitrate into the system 

using a trap and flowing clean air over the pure liquid.  This diluted the organic nitrate, resulting 

in gas phase concentrations of ~12 ppm for 2EHN and ~6.6 ppm for HPN.  Under these 

conditions, the organic nitrate signal in the particles is expected to approach the limit of 

detection, and in fact it was undetected.  This smaller gas phase organic nitrate concentration is 

comparable to the concentration used in series C/D (incorporation during growth, discussed in 

Chapter 4 and below) where a plasticizing effect was not observed.  The lack of detection of the 

organic nitrate is thus consistent with earlier experiments that have shown that SOA from the 

ozonolysis of AP under dry conditions is a high viscosity semi-solid.48, 55, 63-67, 70  Diffusion 
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coefficients for particles from AP ozonolysis formed under dry conditions range from 10-14-10-17 

cm2 s-1.52, 62-63, 194  Using the Stokes-Einstein relation and assuming a molecular radius of 1 nm,26, 

37 this results in viscosities ranging from 105-108 Pa s, consistent with measured viscosities for 

SOA from AP ozonolysis.50, 55, 68, 195-197  The resulting characteristic timescale for diffusion60 

through a semi-solid 200 nm particle is at least half an hour, much longer than the maximum 

residence time for series B of ~8 minutes.  Thus, net uptake of the organic nitrate into high 

viscosity SOA on the time scale of these experiments is smaller than at equilibrium due to slow 

diffusion through the particles. 

 

The incorporation of the organic nitrates during growth (series C) was then examined as 

described in Chapter 2 (section 2.6) in the presence of 100 ppm CH as an OH scavenger for 

comparison.  The results show that the partition coefficients (KC) in these experiments are much 

larger than those for series A (Table 5.1), which might seem surprising since they imply a larger 

than equilibrium concentration in the particles.  As described above, the difference observed is 

not associated with bias in the two analytical techniques (AMS and ATR-FTIR) that were used.  

Additionally, series C used much lower gas phase concentrations than for series A, so the 

explanation cannot be a significant plasticizing effect that lowers the viscosity and results in 

faster uptake.  In support of this, Figure 5.1 shows typical impaction patterns for SOA formed 

either with or without an organic nitrate or OH scavenger present.  Also shown in Figure 5.1 for 

comparison are the impaction patterns for deliquesced Na2SO4 particles, dry carboxylate-

modified latex particles, and SOA particles formed at 87% relative humidity which is known to 

decrease their viscosity.196-198  Upon impaction, particles hit and may stick to the substrate 

directly below the orifice plate to form spots, or they may bounce and either be re-entrained into 
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the gas stream, be subsequently re-captured on the substrate to form a cloud or halo, or form 

midlines due to multi-orifice interactions.199  The impaction patterns in Figure 5.1 are distinctly 

different from both the deliquesced NaSO4 and the SOA formed at high relative humidity, 

indicating the particles in the current study are highly viscous.  The patterns do not change across 

the experimental conditions, suggesting there was no significant change in the viscosity upon 

addition of the organic nitrates or cyclohexane.   One might therefore expect that the uptake into 

semi-solid particles would be hindered.  However, our results (series C) show the opposite, 

which highlights that the incorporation of organic nitrates is driven by a different phenomenon 

than diffusion.  
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Figure 5.1: Typical impaction patterns for a) SOA alone for Series A without organic nitrate or 
CH, b) SOA formed in Series A in the presence of CH, c) SOA formed in the presence of 4.7 
ppm HPN in the flow reactor (Series C/D), d) SOA formed in the presence of both HPN and CH 
(Series C/D), e) deliquesced Na2SO4 particles, f) dry 270 nm carboxylate-modified latex 
particles, and g) SOA particles formed at 87% relative humidity (parts e-g adapted from Kidd et 
al).70   

 

When the gas phase RONO2 concentration used in series B for incorporation after growth 

was lowered to approximately that used in series C, the organic nitrate signal became 

undetectable, consistent with a higher viscosity limiting uptake into and diffusion through the 

pre-formed and denuded particles.54  KC values from series C taken at 7 min and 31 min are not 

significantly different, and thus the higher partition coefficients in series C are not resulting from 

the longer time spent in the flow reactor.  The presence of the gas-phase ozonolysis products in 

the large flow reactor in series C must therefore play a central role in the incorporation of the 
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organic nitrates during particle formation and growth that enhances organic nitrate uptake 

beyond the expected equilibrium established in series A/B.    

 

Physical Mechanism for Particle Growth 

 As described previously, the growth of the SOA particles by ozonolysis products and the 

incorporation of the organic nitrates into the particles in the stainless steel flow reactor may be 

best described by a kinetically limited “burying” mechanism.  Figure 5.2 shows a simplified 

schematic that describes this mechanism, where RONO2 represents the organic nitrate, and P1 is 

a proxy low volatility organic from the ozonolysis of α-pinene.  When the organic nitrate is 

present during particle growth in the flow reactor (series C/D), condensing P1 molecules can 

bury the organic nitrate and hinder re-evaporation into the gas phase, resulting in larger partition 

coefficients than those measured after particle growth at equilibrium (series A/B).  

 

 

 

Figure 5.2: Schematic of "burying" mechanism for incorporation of organic nitrate tracers as 
SOA particles are forming.  RONO2 represents the organic nitrate, and P1 is a proxy for low 
volatility organics from the ozonolysis of α-pinene.  When the organic nitrate is present during 
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particle growth, the P1 can bury the organic nitrate and hinder its re-evaporation into the gas 
phase.    
 

Figure 5.3 shows the HR-PToF data for both the total organic and the ratio of (NO+ + 

NO2
+) to total organics as a function of particle size for SOA formed in the presence of 2EHN at 

7 min reaction time, either with or without CH.  The ratio (NO+ + NO2
+)/HROrg is a measure of 

the relative concentrations of organic nitrate in the SOA.  This ratio is approximately constant 

across the range of particle sizes, confirming that relative rates of incorporation of the organic 

nitrates and the organics that grow the particles do not vary significantly as the particles grow 

across this diameter range.  The corresponding data for SOA formed in the presence of HPN and 

HHN are also shown in Figure 5.3 and show similar results.  For comparison, Figure 5.4 shows 

HR-PToF analysis for two major fragments, C2H3O+ (a marker for carbonyl groups) and CO2
+ (a 

marker for carboxylic acid groups),200-201 and the ratio of these two fragments.  In contrast to the 

uniform organic nitrate composition over all particle diameters, this ratio is smaller for smaller 

diameter particles, indicating more acid groups on average than in the larger particles.   
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Figure 5.3: The HR-PToF mass distribution of total HROrg (green) and the HR-PToF mass ratio 
of (NO+ + NO2

+) to HROrg (red) for a) SOA formed in the presence of 2EHN (1.4 × 1014 
molecules cm-3), b) SOA formed in the presence of 2EHN and CH (2.5 × 1015 molecules cm-3), 
c) SOA formed in the presence of HPN (1.2 × 1014 molecules cm-3), d) SOA formed in the 
presence of HPN and CH (2.5 × 1015 molecules cm-3), e) SOA formed in the presence of HHN 
(5.0 × 1012 molecules cm-3), and f) SOA formed in the presence of HHN and CH (2.5 × 1015 
molecules cm-3) at 7 min reaction time.  Note the NO+ and NO2

+ signals in the presence of CH 
have high uncertainty due to weak signal.   
 

 

Figure 5.4: The HR-PToF mass distribution C2H3O+ (red), CO2
+ (blue), and the ratio of 

C2H3O+/CO2
+ (green) for a) SOA alone at 7 minutes reaction time, and b) SOA formed in the 

presence of CH (2.5 × 1015 molecules cm-3) at 7 minutes reaction time. 
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5.3 Conclusions 

 Uptake of organic nitrate tracers into highly viscous, semi-solid SOA particles during 

their formation in the ozonolysis of AP offers new insights into the molecular interactions 

between gases and particles that ultimately lead to particle growth.  The role of the OH radical 

resulting from the ozonolysis reaction is important not only for the bulk composition of the 

particles and overall SOA number concentration, but also for the role it plays in the gas-phase 

chemistry of the organic nitrates.  In the case of the smallest organic nitrate, HPN, the 

partitioning was unaffected both by the reaction of HPN with OH and by any changes in the 

particle composition by scavenging OH.  However, the two long-chain organic nitrates were 

affected by both factors.   

 

The amount of organic nitrate taken up into growing particles relative to the gas phase 

concentration was found to be larger than expected based on the equilibrium partition 

coefficients into pre-existing impacted particles.  This may be attributed to the evolution of 

particles during growth, such that continued uptake of organics leads to ‘burying’ of the organic 

nitrate, hindering re-evaporation into the gas phase.  This is consistent with the HR-PToF 

analysis which shows that the organic nitrate was evenly distributed across all particle diameters.  

Such a mechanism results in a larger amount of organic nitrate in the particles than expected 

based on the equilibrium achieved when the nitrate is incorporated after growth into impacted 

particles.  This could play a role in cases where mechanisms in addition to thermodynamic 

partitioning have been implicated.73, 81, 103, 202  The results highlight the importance of a 

molecular level understanding of the interactions of gases with particle surfaces and their bulk as 

the foundation for accurately predicting their impacts on air quality and climate. 
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Chapter 6: Incorporation During Growth at Variable Mass Loadings 
 

6.1 Research Goals 

 This research examines the changes in particle mass loading and composition and how 

they affect the incorporation of gas phase species.  The preceding chapters show indication of a 

burying mechanism that can facilitate the incorporation of gases into the particles at amounts 

larger than expected based on equilibrium partitioning.  Previous studies have shown that 

changing the concentration of the SOA precursors or varying the particle mass loading can 

change the composition and viscosity of the particles, including changing the distribution of 

oligomer products.195, 203-208  This chapter expands on series C and D (incorporation during 

growth) and examines how changes in the gas phase product distribution as well as changes in 

the particle composition affect the incorporation of the molecular probes.   

 

6.2 Results and Discussion 

Particle size distributions  

 Figure 6.1 shows typical values for (a) the total number concentration, (b) number-

weighted geometric mean diameter, (c) total surface area, and (d) total mass concentration for 

particles formed from AP and O3 either with or without OH scavenger at 7 min and 31 min 

reaction time.  The corresponding particle number distributions are shown in Figure 6.2.  In all 

cases, there is little evolution of the size distributions between 7 min and 31 min reaction time, 

indicating that most of the particle formation and growth is completed by 7 min.   
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Figure 6.1: Typical a) total particle concentrations (# cm-3), b) number-weighted geometric 
mean diameter (GMD, nm), c) surface area concentration (nm2 cm-3), and d) total mass 
concentration (μg m-3) for particles formed either without OH scavenger (closed circles) or with 
OH scavenger (open circles), at 7 min (red) and 31 min (black) reaction time, formed without 
organic nitrate present.  Error bars are ± 1σ from the average of 3 consecutive scans for the 100 
and 250 ppb AP conditions, and ± 5% applied to the Weibull fit for the higher concentrations.   
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Figure 6.2: Particle size distributions for SOA formed without OH scavenger in the absence of 
organic nitrate at a) 7 min and b) 31 min reaction time, and the particle size distributions for 
particles formed with OH scavenger in the absence of organic nitrate at c) 7 min and d) 31 min 
reaction time.  Error bars are ± 1σ from the average of 3 scans.   
 

When particles are formed in the presence of 100 ppm CH as an OH scavenger, the total 

particle number concentration drops for all concentrations of AP (along with the corresponding 

mass and surface area concentrations), but the particle diameter does not significantly change 

compared to without OH scavenger.  This is consistent with previous studies that showed OH 

scavengers can reduce the total number of particles formed.190, 192   

 

Two cases are evident as initial AP concentration increases.  First, while for experiments 

performed in the absence of OH scavenger the total number concentration remains relatively 

similar across the conditions, the particles are growing as indicated by the increase in GMD 
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(~100 nm at 100 ppb AP versus ~250 nm at 1450 ppb AP), leading to an increase in total mass 

and surface area.  Thus, as the concentration of AP increases, the concentrations of its oxidation 

products that are responsible for particle growth also increase.  Second, in the presence of CH, 

total number and GMD (and thus surface area and mass) increase, indicating that both new 

particle formation and growth are occurring. 

 

Similar trends are seen for SOA formed in the presence of each organic nitrate.  Figure 

6.3 shows the particle size distributions for SOA alone, upon addition of each organic nitrate, 

and after OH scavenger is added.  The organic nitrates themselves can act as OH scavengers, and 

in the case of 2EHN and HHN their rate constants with OH are comparable to that of CH with 

OH (Table 2.6).  Of the three organic nitrates, 2EHN has the fastest OH rate constant and the 

largest gas phase concentration.  These two factors result in the most prominent change in the 

particle size distribution upon addition of 2EHN to the system.  Second, HHN has a similar OH 

rate constant to 2EHN, but has a much smaller gas phase concentration, so there was no evident 

change in the size distribution upon addition of HHN.  Lastly, HPN has a similar gas phase 

concentration to 2EHN but a lower OH rate constant, and so the change in the particle size 

distribution upon addition of HPN was less drastic than for 2EHN.  The size distributions show 

that the impacts of adding an organic nitrate are, in some cases, similar to those of adding an OH 

scavenger, which has implications for the organic nitrate content in the particles as discussed 

later. 
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Figure 6.3: Particle size distributions for SOA alone, upon addition of each organic nitrate, and after addition of CH as an OH 
scavenger, at 7 min reaction time.   Error bars are ± 1σ from the average of 2-3 scans.  
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Figure 6.4 shows the SOA yields (defined as the amount of SOA formed (μg m-3) divided 

by the amount of AP reacted (μg m-3) as a function of SOA mass loading for all experiments 

either with OH scavenger or without OH scavenger, and either with or without the organic nitrate 

present.  The presence of the OH scavenger or the organic nitrates (which can also act as OH 

scavengers themselves) did not have a significant impact on the yield.  The range of values for 

SOA yield here are in good agreement with previously reported yields from AP ozonolysis.209-217  

Previous studies have shown that the addition of OH scavengers changes the ratio of HO2 to RO2 

in the system relative to that of no OH scavenger, which resulted in lower SOA yields when the 

OH scavenger was present.191, 218-219   Although the total particle number and SOA mass 

decreased when CH was present in these experiments (Figure 6.2 and Figure 6.3), there was no 

observed decrease in the SOA yield, although variability in the measured SOA yield is large.  As 

mentioned in Chapter 2, there is some uncertainty in the initial concentration of AP at the higher 

AP/mass loading conditions.  This uncertainty and the large scatter in the measured SOA yields 

result in no statistical difference in the yields measured here across all reaction conditions.   
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Figure 6.4: SOA yields as a function of the SOA mass loading, for SOA formed either with 100 
ppm CH as an OH scavenger (open circles) or without OH scavenger (closed circles), alone 
(black) or in the presence of 5.6 ppm 2EHN (red), 4.7 ppm HPN (blue), or 0.21 ppm HHN 
(green).  The grey shaded region shows the range of yields reported in the literature for particles 
formed either with or without OH scavenger.209-217 

 

Indications of Particle Phase 

SOA particles from the ozonolysis of AP under dry conditions have previously been 

shown to be highly viscous or semi-solid in phase.48, 55, 63-67, 70  Figure 6.5 shows photographs of 

the impaction pattern for the particles formed either with or without OH scavenger without 

organic nitrate present for all AP concentrations.  High viscosity semi-solid or solid particles can 

bounce and be re-entrapped, resulting in a cloud or halo around the midline.70, 199  For the 

impacted particles formed at AP concentrations above 500 ppb, the cloud was evident both 

without the OH scavenger and when the OH scavenger was present.  This indicates that 

scavenging the OH chemistry did not change the bouncing properties of the particles.   
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Some changes in the size of cloud were seen from the variation in total impacted mass 

due to lower particle concentrations when OH was scavenged.  Although a small cloud was 

visible for the 250 ppb initial AP condition without OH scavenger, when OH scavenger was 

present it was only evident at the mid-lines of the orifice plate holes but was still different from a 

mirror image of the holes of the orifice plate that is expected for liquid particles.  The impacted 

particle pattern for 250 ppb AP with OH scavenger condition appeared similar to dry 

carboxylate-modified latex particles of a similar diameter, further indicating that these particles 

are not liquid.70, 220  At 100 ppb AP, the cloud was further reduced either with or without OH 

scavenger regardless of amount impacted due to the smaller size of the particles.  This is 

expected, as smaller particles are known to affect the probability of bounce and recapture and 

due to the majority of the particles being smaller than the 50% cutoff of 240 nm for the impactor 

(thus resulting in a smaller total impacted mass).70, 221  Jain et al.207 showed that the bounce 

factor of particles from AP ozonolysis in the absence of an OH scavenger decreased as the mass 

loading increased.  Additionally, Grayson et al.195 found that under dry conditions, the 

experimental flow time (an indicator of viscosity) for particles from AP ozonolysis using 2-

butanol as an OH scavenger decreased by a factor of 45 as the mass loading increased from 121 

μg m-3 to 14000 μg m-3.  The mass loadings studied here cover a much smaller range, from ~10-

900 μg m-3, and therefore the change in viscosity over this range is expected to be negligible.  

Thus, the particles at the smaller mass loading conditions in Figure 6.5 are likely highly viscous 

despite the reduced evidence of particle bounce. 
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Figure 6.5: Typical impaction patterns for particles formed from 250 ppb O3 at various AP 
concentrations, in the presence or absence of each organic nitrate, either with or without 100 
ppm CH OH scavenger.  The white shows the impacted particles reflecting overhead fluorescent 
lights.  Impactions are taken at the end of the flow reactor, corresponding to 31 min reaction 
time.  The time below each photo shows the amount of time for which the particles were 
collected. 
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 High concentrations of these RONO2 have been shown to have a plasticizing effect on the 

SOA (Chapter 3).  Equilibrium with the gas phase was achieved upon introduction of high 

concentrations (approaching saturation vapor pressures) of the three organic nitrates on the 

timescale of ~4 to 20 min.177  However, the concentrations used in the flow reactor are over 30 

times smaller, and did not induce a significant plasticizing effect in our previous study using 

initial conditions of 250 ppb of both AP and O3.220  Figure 6.5 also shows typical patterns for 

impaction of the particles formed in the presence of ppb to low ppm concentrations of gas phase 

organic nitrate, either with or without OH scavenger.  The particles formed in the presence of the 

organic nitrate showed similar trends to those discussed above for the ‘SOA alone’ conditions, 

which indicates that the gas phase organic nitrate concentrations were not high enough to induce 

a significant plasticizing effect, and the particles remained highly viscous.      

 

Particulate organic nitrate concentrations in the absence of an OH scavenger 

 Figure 6.6a shows the HR-ToF-AMS measured concentration of condensed phase 

organic nitrate (in moles RONO2 per L of SOA) for all concentrations of AP in the absence of an 

OH scavenger at 7 minutes reaction time, calculated using Equation 2.9.  Similar values were 

obtained for particles measured at 31 min.  For 2EHN, the amount of organic nitrate that is 

observed in the particles decreases as the initial concentration of AP increases.  The OH rate 

constant for 2EHN (Table 2.6) is such that it can react to form lower volatility oxidation products 

retaining the -ONO2 moiety220 that can partition into the SOA.  The initial first order rates of loss 

due to reaction with OH, estimated as k[X]0 where X is AP or 2EHN, reveal the likelihood of 

2EHN acting as an OH scavenger at each condition.  For the lowest initial concentration of AP 

([AP]0 = 100 ppb), 2EHN acts as an efficient OH scavenger itself as its initial loss rate 
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(k[2EHN]0 = 8.8 × 102 s-1) is almost seven times higher than that of AP (k[AP]0 = 1.3 × 102 s-1), 

consistent with the change in the particle size distribution seen in Figure 6.3.  Alternately, for the 

higher concentrations of AP ([AP]0 = 1450 ppb), the initial rate of AP loss (k[AP]0 = 1.9 × 103 s-

1) is ~2.2 times higher than that of 2EHN.  Thus, as the initial concentration of AP increases, OH 

preferentially reacts with AP instead of 2EHN, and as a result, less multifunctional lower 

volatility oxidation product derived from the parent nitrate is taken up into the particles, 

consistent with the trends in Figure 6.3 and Figure 6.6a.   

 

 

Figure 6.6: Moles organic nitrate per liter of SOA (determined from the AMS) for particles 
formed in the presence of 5.7 ppm 2EHN, 4.6 ppm HPN, or 0.21 ppm HHN, a) in the absence of 
100 ppm CH as an OH scavenger and b) in the presence of 100 ppm CH, each at 7 minutes 
reaction time.  Error bars are ± 2σ from the absolute uncertainty in the AMS.  Solid lines are best 
fits to the data points to guide the eye in (a), and in (b) they are the average moles organic nitrate 
per liter SOA across the reaction conditions.  Dashed lines are the expected values if equilibrium 
partitioning from uptake into thin films of impacted particles held.177, 220  The 2EHN signal in the 
particles in (b) was not detectable at 100 ppb initial AP.  
 
 

A similar trend is seen in Figure 6.6a for HHN, but to a much lesser extent.  The initial 

first order rate of loss due to reaction with OH is 27 s-1 for HHN and is less than that of AP 

across all the conditions in the figure.  For 100 ppb AP the initial rate of AP loss due to OH 

reaction is ~5 times higher, whereas it is ~80 times higher for ~1.5 ppm AP relative to HHN loss.  
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For the lowest concentration of AP, some of the OH is still able to react with HHN to form lower 

volatility oxidation products (with a retained -ONO2 functional group)220 that are incorporated 

into the particles.  Therefore, there is slightly more organic nitrate taken up in this condition 

when compared to the higher concentrations of AP in the presence of HHN.   

 

 For HPN, the amount of organic nitrate taken up into the particles is unaffected by the 

concentration of AP (Figure 6.6).  The initial rate of loss to reaction with OH is 1.9 × 102 s-1 for 

HPN (compared to 8.8 × 102 s-1 for 100 ppb AP).  However, as discussed previously by Vander 

Wall et al,220 the products of the HPN reaction with OH are likely to be small and more volatile 

and thus are not expected to be incorporated into the SOA.  However, there is a change in the 

particle size distributions in the presence of HPN at the smallest AP concentration (Figure 6.3), 

reflecting a smaller contribution of OH + AP chemistry to particle nucleation/growth.      

 

 In summary, the measurements of condensed phase organic nitrate in the absence of an 

OH scavenger indicate that under each initial AP condition, a different amount of (unidentified) 

oxidation products is taken up into the particles.  However, in the presence of an OH scavenger, 

only the parent organic nitrate is taken up, and thus these scavenger experiments can be used to 

determine partition coefficients for the three parent organic nitrates. 

 

Partition coefficients and particle composition in the presence of an OH scavenger 

 When an OH scavenger is present, the contribution of the RONO2 + OH reaction 

products to the particulate organic nitrate signal is small.  From kinetics modeling137, 220 at 7 min 

reaction time, less than 0.03% of HPN,  0.10% of HHN, and 0.11% of 2EHN reacts with OH 
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when 100 ppm CH is present at all AP concentrations (compared to 0.3% of HPN, 1.5% of 

HHN, and 0.83% of 2EHN when no OH scavenger is present), and thus the organic nitrate in the 

particles is attributed to the parent organic nitrate.  Figure 6.6b shows the measured 

concentrations of the organic nitrate in SOA in the presence of CH.  Under those conditions, no 

trends are apparent across the range of AP concentrations, with the exception of 2EHN which is 

not detected at the lowest AP concentration (100 ppb).  With that exception, it is important to 

note that for all three nitrates, the concentration of the nitrate taken up by the particles is higher 

than that estimated from equilibrium partitioning into thin films of impacted particles (dashed 

lines in Figure 6.6, determined after accounting for the difference in gas phase RONO2 

concentration between the flow reactor and thin film experiments).220   

 

Partition coefficients, KC, were calculated using Equation 2.9 and are shown in Figure 6.7 

for all three organic nitrates across all initial concentrations of AP.  Also shown in Figure 6.7 are 

the partition coefficients determined for equilibrium partitioning into thin films of impacted 

particles formed from 250 ppb AP and 100 ppm CH.220  For all RONO2 there was no distinct 

trend in the partition coefficient across all AP concentrations, apart from the partitioning of 

2EHN into SOA formed from 100 ppb AP, which was not detectable.  The average partition 

coefficients across all measurable conditions were found to be (3.1 ± 0.4) × 105 for 2EHN, (1.7 ± 

0.2) × 106 for HPN, and (2.1 ± 0.3) × 107 for HHN (±1σ), indicated by the solid lines in Figure 

6.7.  
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Figure 6.7: Partition coefficients (closed circles) for particles formed from AP ozonolysis in the 
presence of 100 ppb CH as an OH scavenger and 5.7 ppm 2EHN, 4.6 ppm HPN, or 0.21 ppm 
HHN.  Error bars are ± 2σ from the absolute uncertainty in the AMS.   The dashed lines show the 
partition coefficients measured for the equilibrium partitioning of ~190 ppm 2EHN, ~ 160 ppm 
HPN, or ~7 ppm HHN into thin films of particles formed from 250 ppb AP and 100 ppb CH, 
with grey boxes showing ± 1σ from the average of at least three experiments.  The 2EHN signal 
in the particles was not detectable at 100 ppb initial AP.  
 

 One possible explanation for the lack of dependence on precursor AP concentration or 

mass loading in the partition coefficients is that the partitioning of the organic nitrates could have 

reached equilibrium. SOA particles from AP ozonolysis are known to become less viscous when 

formed at higher initial AP concentrations/higher mass loadings.195, 207  Thus, if equilibrium 

partitioning were to be reached, it would be more probable for particles formed at the higher 

initial AP concentrations.  All SOA particles formed in the current study were observed to 

exhibit significant bounce patterns in the impactor, especially the higher initial AP 

concentrations due to larger mass loadings (Figure 6.5).  Furthermore, the SOA particles with 
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organic nitrate incorporated in them also exhibited clear bounce patterns, again especially at the 

higher initial AP concentrations.  Additionally, Vander Wall et al.220 showed in a previous study 

that the partition coefficients for these organic nitrates incorporated into particles during growth 

(at 250 ppb [AP]o) were higher than the equilibrium partition coefficients for these nitrates into 

thin films of impacted particles (i.e., after growth) that reached equilibrium between ~4 to 20 

min with gas phase concentrations near the saturation vapor pressure.   

 

Chapter 5 showed that when particles formed from 250 ppb AP in the presence of CH as 

an OH scavenger were exposed to gas phase 2EHN after growth in a glass flow tube B, using a 

similar gas phase concentration to those used here in the flow reactor, the amount of 2EHN in the 

particles was undetectable in the time frame of 7 minutes.  Similar results were seen when 

particles formed under the same conditions were exposed to ~6.5 ppm of gas phase HPN in the 

glass flow tube B for 7 min, again resulting in undetectable levels of particulate organic nitrate.  

This indicates that in the large flow reactor, the detectable organic nitrate in the particles during 

growth was still above the expected equilibrium partitioning value.   

 

 A possible explanation for the constant partition coefficients as a function of initial AP 

concentration is that the relative rate of uptake for the organic nitrates and the gaseous 

ozonolysis products, represented by PSOA, remains constant.  PSOA is a bulk designation for all 

products derived from the ozonolysis of AP that may contribute to particle formation and growth 

and is representative of what forms the SOA.  As the concentration of AP increases, PSOA is 

anticipated to increase.  Thus, the number of collisions of PSOA per cm2 of particle surface area, 

and hence its uptake, will increase (creating higher SOA mass loading).  However, the RONO2 
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collisions per cm2 of particle surface area should remain the same, since the RONO2 gas phase 

concentrations remain constant.  One might expect that as more PSOA collides and is taken up 

into the particles, the particulate RONO2 signal per L of SOA would decrease due to dilution.  

This is in contrast to the observed constant RONO2 concentration in SOA across the studied 

reaction conditions/initial AP concentrations when OH is scavenged (Figure 6.6b).  However, if 

PSOA contributes to the incorporation of RONO2 by acting as a burying species, as the 

concentration of PSOA increases the trapping of RONO2 in the particles will also increase, 

counterbalancing the effects of dilution and resulting in a constant particulate RONO2 

concentration.  To explore this in more detail, the effective uptake coefficients for the organic 

nitrates were estimated using Equation 2.10-Equation 2.12 and the average RONO2 

concentration per L of SOA (Figure 6.6b), and are shown in Figure 6.8 for initial concentrations 

of 250 ppb O3 and AP from 100-1450 ppb.  The effective net uptake coefficients for the 

incorporation of the organic nitrates into the particles (γRONO2) were found to increase with initial 

AP concentration (Figure 6.8) with approximate values from (0.2-4) × 10-3 for HHN, (0.1-3) × 

10-4 for HPN, and (2-5) × 10-5 for 2EHN.  
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Figure 6.8: Effective uptake coefficients for the uptake of organic nitrates into the particles 
(γRONO2) versus the product of the uptake coefficient of PSOA (γPSOA) and the concentration of 
PSOA (ppb). The inset shows an expanded view for HPN and 2EHN.  The open boxes at 
γPSOA×[PSOA]g = 0 are the uptake coefficient measured from thin films of impacted particles.  
Error bars are ± 1σ propagated from the average of at least 3 experiments.  Lines are linear fits to 
the data points.   
 

 

 In the absence of any PSOA from the ozonolysis of AP (i.e. as [PSOA]g approaches 0 ppb), 

the uptake coefficient is expected to be the γRONO2 for the organic nitrate alone based solely on 

the collisions with the particle surface per cm2 (in the absence of any enhancement due to 

burying), which was measured previously as the uptake coefficient onto thin films of impacted 

particles (Table 3.1).  These values are included as the y-intercept in Figure 6.8, and are in good 

agreement with the trend in uptake coefficients.  This analysis conveys the ability of the burying 

mechanism to increase uptake beyond that which is expected to occur through collisional uptake 
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alone.  However, it ignores potential changes in gas and particle phase composition at lower 

[AP]0,203-207, 222-223 which are examined below. 

 

The effectiveness of burying the organic nitrate depends not only on the concentration of 

PSOA, but also on the nature of PSOA as a burying species, which may vary depending on the 

reaction conditions.  Previously, Claflin et al.222 showed that SOA formed at low RH under a 

high-[VOC] condition (1 ppm AP, 2 ppm O3) had a different distribution of functional groups 

than SOA formed under a low-[VOC] condition (10 ppb AP, 300 ppb O3), with the latter having 

a higher contribution from peroxides, while most other functional groups were higher in the 

former scenario.  Additionally, Molteni et al.204 showed that the distribution of highly 

oxygenated organic molecules (HOMs) varied with the reaction conditions, and larger 

contributions from dimers occurred at higher initial AP concentrations/as more AP was reacted 

away.   

 

To probe this for the reaction conditions studied here, the MCM (v3.3.1)165 model was 

used to predict changes in the product distribution.  An updated mechanism167 was used that 

includes dimer formation from RO2-RO2 chemistry, where the RO2 comes from oxidation steps 

within the original MCM as well as autoxidation processes producing more highly-oxidized RO2 

species.  As the initial concentration of AP increases and more AP is reacted away, the total 

amount of products also increases, with or without the new implementation added (Figure 6.9a 

and Figure 6.9b).  The total concentration of all C1-C20 products predicted by the MCM with 

dimers added and the concentration of the C10-C20 products are listed in Table 6.1.  The C14-C17 

products were omitted from the graph due to their negligible concentrations, but are accounted 
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for in Table 6.1.  Across all conditions there were small changes in the distribution of the 

products, as seen by Figure 6.9c and Figure 6.9d.  The percent contribution from the C14-20 

dimers to the total products was about the same for the 100 ppb AP condition (~8%) as the 1.5 

ppm AP condition (~10%).  Thus, the steady increase in concentrations of products that bury the 

organic nitrates is likely more important than the change in product distributions, which is 

minimal.  

 

 

Figure 6.9: AP oxidation product distribution from the MCM after 7 minutes reaction in the 
presence of CH (100ppm) separated by carbon number for species with more than 5 carbons.  a) 
The stable gas phase molecules formed based on the original MCM mechanism, b) the stable gas 
phase molecules formed using the updated MCM mechanism including autooxidation processes 
and the formation of dimers, c) the normalized fraction of stable products without dimers 
(original MCM mechanism), and d) the normalized fraction of stable products with dimers 
added.   
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Table 6.1: Concentrations of stable gas phase products (ppb) formed, predicted by the MCM 
with dimer formation added.   

[AP]0 (ppb) 
MCM predicted C1-C20 

total products (ppb) 

MCM predicted C10-C20 

products (ppb) 
% C10-C20 of total 

100 23 14 61% 

250 56 33 59% 

500 104 61 59% 

1500 229 134 59% 

 

 

 Although only relatively small changes were observed in the overall product distribution 

(in terms of number of carbons per molecule), some changes in composition were seen from the 

MCM results when the level of oxidation was taken into account.   Figure 6.10 shows the 

distribution of C10 products separated by the number of oxygens for all conditions when 

autoxidation/dimer formation was added into the MCM.  Although the majority (~50%) of the 

C10 species remain C10O5 across the conditions, as the concentration of AP increases, so does the 

contribution of less-oxygenated species, also indicated by the decrease in the average O:C of the 

C10 species from 0.65 at 100 ppb AP to 0.55 at 1.5 ppm AP.  This is consistent with the AMS 

measurements of particle O:C, discussed below.   
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 Figure 6.10: Percent contribution for the C10 species separated by the number of oxygens for all 
initial concentrations of α-pinene.  Also shown are the total concentration of the C10 species at 
each condition, and the average O:C ratio for the C10 products.   

 
 

Following a kinetic burying mechanism, for an incoming organic nitrate molecule to be 

incorporated into the particles, it must have a sufficient residence time on the particle surface 

such that a colliding low volatility ozonolysis product (represented by PSOA) can efficiently bury 

it.  The number of collisions cm-2 s-1 for PSOA with the particle surface can be estimated using gas 

kinetic theory and Equation 6.1: 

 

 Equation 6.1 

 
 

where [PSOA]g is the concentration of ozonolysis products that make up the SOA matrix, and M is 

the average molecular weight of PSOA (assumed to be 200 g mole-1).141-142  The [PSOA]g was 

Collisions cm s = [P ]  ×  
RT

2πM
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estimated from the γPSOA×[PSOA]g using Equation 2.11 and the measured SOA mass loading, 

assuming a γPSOA of one.  If the inverse of the collision frequency is an estimate of the time 

between collisions of a burying PSOA species with 1 cm2 of particle surface, the time between 

collisions can be calculated.  Since a γPSOA of one is an assumption, the time between collisions 

is considered relative time.   Figure 6.11 shows the relative time between collisions of PSOA with 

the particle surface, normalized to that estimated for 100 ppb AP.   

 

 

Figure 6.11: Relative time between collisions for an incoming burying species (PSOA) colliding 
with the particles formed as a function of the initial concentration of AP.  Values are normalized 
to the 100 ppb AP condition.  The solid line is a best fit to guide the eye.   

 
The relative time between collisions for a burying species with the particles is much 

larger at 100 ppb AP than it is for the other reaction conditions/initial concentrations of AP, ~5.8 

times longer than that for the 250 ppb AP condition.  Between the 250 to 530 ppb and the 530 to 

1450 ppb AP conditions, the relative time between collisions decreased by ~1.7 and 1.8 times, 

respectively.  As seen in Table 6.1, the total concentrations of gas phase products predicted by 
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the MCM increases by a factor of ~2 between each reaction condition, which is in good 

agreement with the change in relative time between collisions except in the case of the 100 ppb 

AP condition.  The estimated relative time between collisions assumed a γPSOA of one for all 

reaction conditions.  However, if γPSOA is much lower for the 100 ppb AP condition, this would 

increase the estimated collision frequency and thus lower the time between collisions.   

 

The hydroxy nitrates were taken up at all reaction conditions, indicating that the average 

residence time for the HPN and HHN on the particle surface was sufficiently long that they could 

be buried by an incoming PSOA molecule.  As discussed previously, particulate 2EHN was 

undetectable at the 100 ppb AP condition.  This may be explained by a residence time of the 

2EHN on the particle surface that is insufficient to allow for burying at this condition.  2EHN has 

the smallest hydrogen-bonding capacity when compared to the hydroxy nitrates, which as shown 

previously has implications for the initial uptake coefficient onto films of impacted particles 

(Chapter 3).  Additionally, the experimentally determined composition of the particles, discussed 

below, was also slightly different at 100 ppb AP when compared to the particles formed at the 

rest of the reaction conditions, exhibiting a higher degree of oxygenation (higher O:C).  This 

supports the idea that there were insufficient favorable interactions of 2EHN with the particle 

surface, and thus shorter surface residence time for this molecule to be taken up/buried at this 

condition.   

 

HR-ToF-AMS was used to detect changes in particle composition.  The average O:C 

ratio of the SOA slightly decreased from 0.46 to 0.42 as the AP initial concentration increased, 

though the overall change was small, as shown in Table 6.2.  Figure 6.12 shows the intensity 
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ratio of CO2
+ (m/z 44) to either C4H7

+ (m/z 55, Figure 6.12a) or C2H3O+ (m/z 43, Figure 6.12b), 

as well as the ratio of CO2
+ to HROrg plotted against the ratio of C2H3O+ to HROrg (Figure 

6.12c).  CO2
+ is an indicator of more-oxygenated species such as acids and peroxides,75, 200-201 

while C4H7
+ and C2H3O+ are indicators of less-oxygenated species within the particles. While 

there was little to no change from 250 ppb AP and higher, the 100 ppb AP condition exhibited a 

larger contribution from the more-oxygenated CO2
+ fragment.  The MCM similarly predicted a 

higher O:C for the 100 ppb AP condition, though a consistent decrease in the average O:C in the 

C10 species was seen as the initial AP increased.  However, the MCM is a prediction of all gas-

phase species, which may explain this difference from the particle-phase measurements.    

 

Table 6.2: Oxygen-to-Carbon ratio for SOA formed in the flow reactor in the presence of an OH 
scavenger, at 7 minutes reaction time.  Error bars are ± 1σ from the average of three experiments. 
 

[AP]0 (ppb) O:C (± 1σ) 

100 0.46 ± 0.01 

250 0.43 ± 0.02 

500-530 0.43 ± 0.02 

700-1450 0.42 ± 0.01 
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Figure 6.12: The AMS fragment ratio for CO2
+ to a) C4H7

+ and b) C2H3O+ at each initial 
concentration of AP with 100 ppm CH as an OH scavenger, and c) the ratio of CO2

+ to HROrg 
versus the ratio of C2H3O+ to HROrg.  Error bars in a) and b) are ± 1σ from the absolute 
uncertainty in the AMS, and error bars in c) are ± 1σ from the average of at least three 
experiments.  Solid lines are best fits to guide the eye. 

 
The change in the average O:C is consistent with other observations at variable AP 

concentrations/mass loading.  Shilling et al.203  showed that for SOA particles formed from AP 

ozonolysis using 1-butanol as an OH scavenger, the changes in the particle O:C and composition 

were more pronounced at smaller mass loadings, with higher O:C as the mass loading decreased, 

consistent with the results shown here.  The slightly more-oxygenated composition at 100 ppb 

AP could be consistent with the decrease in the partition coefficient of 2EHN, the least-

oxygenated organic nitrate studied here.  The 2EHN should have a smaller affinity for these 

particles due to its less-polar alkyl nature and smaller hydrogen-bonding capacity compared to 
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the hydroxy-nitrates,177 which may result in an insufficient surface residence time to be 

incorporated into the particles by a burying species at this condition.  HHN and HPN are more 

oxygenated with larger hydrogen-bonding capacities, and thus may have a stronger interaction 

with the particles such that they did not show this change at the lowest concentration of AP. 

 

6.3 Conclusions 

Results from this study show that reactions with OH can increase the total amount of 

organic nitrate fraction of the SOA through the formation of lower volatility multi-functional 

organic nitrates.  In the presence of an OH-scavenger, the partition coefficients of all three 

studied parent organic nitrates showed no dependence on precursor AP concentration/particle 

mass loading (with the exception of 2EHN, which was undetectable in the particles at the lowest 

concentration of AP studied here), while the effective uptake coefficients for the organic nitrate 

into the particles (γRONO2) increased with AP concentration/mass loading.  In the absence of any 

PSOA from the ozonolysis of AP, the uptake coefficient approaches that of the organic nitrate 

alone based solely on the collisions with the particle surface, which was the measured uptake 

coefficient onto impacted particles (Table 3.1).  Model studies predicted that while the 

distribution of products did not significantly change across the conditions studied here, the total 

concentration of products increased with the AP concentration, as expected.  The similar 

partition coefficients across the conditions and the increase in effective uptake coefficients for 

the organic nitrates are explained by a kinetically-controlled burying mechanism.220  

Nevertheless, the nature of the gas phase molecule with the interface of the particle will also play 

a significant role in the uptake, as at the 100 ppb AP condition the less polar alkyl nitrate 2EHN 
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was not quantifiable in the particles, likely because of a smaller affinity for the particles (which 

were found to be smaller and more oxygenated than the other conditions).   

 

The results here indicate that the interaction of gaseous species with highly viscous SOA 

particles in the atmosphere to contribute to particle growth depends on both the nature of the gas 

phase and that of the particle phase.  The formation of large, low volatility species in the gas 

phase can facilitate the incorporation of more volatile molecules at amounts greater than 

expected based on equilibrium partitioning through a kinetically controlled burying mechanism.  

Figure 6.13 depicts such a mechanism for a semisolid particle, where a gas phase molecule (G, 

such as an organic nitrate) would be adsorbed on the surface of an SOA particle for a long 

enough time that it can be buried by an incoming oxidation product from AP (or PSOA molecule).  

This burying is in competition with scattering or desorption/evaporation.  The burying process 

can help trap the organic nitrate within the particle, reducing its re-evaporation into the gas phase 

and thus incorporating more within the particle phase than would be expected based on 

equilibrium partitioning.   
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Figure 6.13: A schematic of the interactions between a gas-phase species (G), representative of 
the organic nitrate in our study with an SOA particle.  Once G is on the particle surface, the 
burying species (PSOA oxidation products from AP ozonolysis) facilitates the incorporation of G 
into the particle by hindering desorption/re-evaporation.      

 
 
 
 This kinetically-controlled burying mechanism was examined for semi-solid particles 

formed under dry conditions.  In the ambient atmosphere, the relative humidity (RH) can vary.  

Increasing RH is known to decrease particle viscosity, resulting in more liquid-like particles.196-

198  As particle viscosity decreases, diffusion into the bulk becomes more rapid,54, 61 and the 

contribution of the burying mechanism (a process driven by surface interactions) likely 

decreases.  Expanding this work to study the effects of varying RH on the incorporation of 

tracers into the particle phase and the effects of the burying mechanism will help provide insight 

into the importance of this mechanism under ambient atmospheric conditions throughout the 

globe.  
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