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ABSTRACT 

HAOFEI ZHANG: Characterization and Simulation of Isoprene Photooxidation from 

Smog Chamber Studies 

(Under the direction of Richard M. Kamens and Jason D. Surratt) 

 

Atmospheric chemistry of volatile organic compounds (VOCs) has significant 

influence on human health and global climate change. As the most globallyabundant non-

methane VOC in the atmosphere, isoprene is an important precursor of both ozone (O3) 

and secondary organic aerosol (SOA). A number of gas-phase chemical mechanisms have 

been developed to predict O3 formation from isoprene in the atmosphere. However, most 

of these chemical mechanisms have limitations, including being too condensed to 

represent most major gas-phase products or being too large for use in current air quality 

models (AQM). In addition, recent laboratory, mechanistic, and field studies have 

demonstrated new chemistry for isoprene photooxidation such as the regeneration of HOx 

(OH+HO2) and the formation of SOA. Hence, there is a necessity to develop a new 

chemical mechanism based upon the recent results. 

In this thesis, a new condensed gas-phase isoprene mechanism is developed and 

evaluated against over fifty experiments that were performed in the UNC dual outdoor 

smog chamber under natural sunlight. The mechanism implements the regeneration of 

HOx, the intermediate products that form SOA, and other results from recent studies. This 

new mechanism is able to reasonably simulate most experimental data and also performs 

well comparing to the other currently used chemical mechanisms. 

Unlike the well understood gas-phase isoprene chemistry, the isoprene SOA 

formation mechanism remains elusive. This thesis investigated SOA formation from 
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isoprene as well as methacrolein (MACR), which is the major first-generation product of 

isoprene photooxidation, under varied initial nitric oxide (NO) levels, relative humidities 

(RHs), and seed aerosol acidities. Results indicate that both SOA mass concentration and 

chemical composition largely depend on the initial VOC/NO ratios and RH 

conditions.Most particle-phase oligomers, which have been previously observed to form 

from the oxidation of methacryloylperoxynitrate (MPAN), were enhanced under dry 

conditions. In addition, a nitrogen-containing organic tracer compound was found to form 

substantially in both isoprene/MACR chamber-generated and ambient aerosol samples. 

Moreover, increased RH and aerosol acidity were both observed to enhance organosulfate 

formation; however, elevating RH mediates organosulfate formation, suggesting that wet 

sulfate aerosols are necessary in forming organosulfates in atmospheric aerosols. 
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CHAPTER I 

Introduction 
 

1.1 Background 

The atmospheric chemistry of volatile organic compounds (VOCs) is known to have 

significant influence on human health and global climate change. As the most abundant 

non-methane VOC (NMVOC) in the atmosphere, isoprene (2-methyl-1,3-butadiene, C5H8) 

is emitted in substantialquantities from certain types of vegetation, and is believed to play 

a significant role in atmospheric ozone (O3) generation and secondary organic aerosol 

(SOA) formation at a global level. Between 0.5% and 2% of the carbon fixed by plants is 

released to the atmosphere in the form of isoprene (Harley et al., 1999). The emission 

rates of isoprene are seasonally dependent and increase strongly with solar radiation 

intensity and temperature (Guenther et al., 2006). The annual global emission of isoprene 

is on the order of 600 Tg/year, which is three to four times of that of terpenes and 

anthropogenic VOCs (Guenther et al., 1995, 2006).  

Atmospheric fine particulate matters (PM2.5) are known to be associated with adverse 

public health effectsand global temperature forcing (Hallquist et al., 2009), and a large 

portion of the fine particles are SOA (40%–50%) that form from the oxidation of VOC, 

where low-vapor-pressure VOC oxidation products partition between gas and 

particlephases (Surratt et al., 2006; Carlton et al., 2009).Recent study results showed that 

isoprene contributes more to urban particles than aromatics, or terpenes, especially during 

the summer season (Lewandowski et al., 2008). Globally, isoprene-derived SOA is 

predicted to be 30% to 50% of the total SOA (Carlton et al., 2009). 
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Attempts to describe the photooxidation process of isoprene has been the subject of 

anumber of recent studies (Pinho et al., 2005; Fu et al., 2008; Paulot et al., 2008; 

Taraborrelli et al., 2009; Carlton et al., 2009). Isoprene is highly photo-reactive and is 

oxidized in the atmosphere by hydroxyl (OH) radicals, nitrate (NO3) radicals, and O3, in 

which the OH oxidation pathway is most important during the daytime. Isoprene is 

oxidized and produces peroxy radicals, which undergo three major pathways: nitric oxide 

(NO) pathway, hydroperoxyl radical (HO2) pathway, and peroxy radical (RO2) pathway. 

In addition, isoprene-derived peroxy radical isomerizations (1,5- and 1,6-H shifts) have 

recently been proposed as important pathways regenerating and recycling HOx (OH + 

HO2) in the atmosphere under pristine NOxconditions (Peeters et al. 2009;da Silva et al. 

2010). In this study, oxides of nitrogen (NOx) is defined as the sum of NO and nitrogen 

dioxide (NO2) and pristine NOx will be defined as less than 1 ppb. Low NOx in this study 

will be referred to concentration in environmental chambers that range from 0.03 to 0.1 

ppm and generally capture some urban conditions. High NOx conditions exceed 0.1 

ppm.The first generation products of isoprene photooxidation include methyl vinyl ketone 

(MVK), methacrolein (MACR), hydroxynitrates, hydroxycarbonyls, diols, and hydroxy 

hydroperoxides; the secondary generation products include isoprene epoxydiols (IEPOX), 

methacryloylperoxynitrate (MPAN), glyoxal (GLY), methylglyoxal (MGLY), 

glycolaldehyde, and hydroxyacetone. Some of these products will further react and 

generate particle-phase products. 

The study of isoprene SOA formation process has received significant attention since 

it was reported in 2004 that photooxidation of isoprene is a substantial source of ambient 

SOA. 2-methyltetrols that had not been identified in atmospheric aerosols before were 

detected from Amazonian rain forest (Claeys et al., 2004a). Subsequent bulk solution 

studies tentatively proposed 2-methylglyceric acid (2-MG) formation in the particle-phase 
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mechanistically (Claeys et al., 2004b). Chamber studies also confirmed that complex 

particle compounds are formed in isoprene photooxidation under different NOx conditions 

from different pathways (Edney et al., 2005; Kroll et al., 2005, 2006; Dommen et al., 

2006; Surratt et al., 2006, 2010). Under low-NO pathway, organic peroxides contribute 

significantly to SOA formation; under high-NO pathway, the isoprene oxidation product 

MACR contributes most of formed SOA mass. Some other monomers and oligomers 

(dimers or trimers) were also detected in these studies. Oligomers are thought to be an 

important part of the isoprene SOA mass (Surratt et al., 2006). 

GLY (CHOCHO) and MGLY (CH3C(O)CHO), the two smallest dicarbonyl 

compounds, are highly soluble in water, and studies suggested their uptake by aqueous-

phase aerosols (Liggio et al., 2005; Volkamer et al., 2007), followed by oxidation and 

oligomerization could be a significant SOA source. Isoprene contributes globally around 

50% glyoxal and 80% methylglyoxal (Fu et al., 2008), which may lead to an aqueous-

phase SOA formation (Carlton et al., 2007; Altieri et al., 2008). Acidity effect on isoprene 

SOA formation was investigated and an enhancement of SOA mass correlated to 

increasing aerosol acidity was observed (Surratt et al., 2007). Two new unidentified 

organic tracersfor isoprene SOA under acidic condition were recently proposed (Jaoui et 

al., 2010). Epoxide formed from isoprene (IEPOX) photooxidation was recently 

discovered as an important SOA precursor from isoprene and accounted for some of the 

missing isoprene SOA formation (Paulot et al., 2009). 

 

1.2 Motivation 

Although isoprene is an important VOC in forming O3 and SOA, most currently used 

chemical mechanisms to predict isoprene gas-phase products have limitations. For 

example, the Master Chemical Mechanism (MCM) version 3.1 for gas-phase isoprene 
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kinetics is large (about 600 reactions), and is difficult to represent in current air quality 

models (AQM). The Carbon Bond Mechanisms (CB4 and CB05) are too condensed to 

represent some major gas-phase species and SOA precursors. Moreover, most of these 

mechanisms do not include results from recent studies. Table 1-1 summarizes currently 

used mechanisms and their sizes. Therefore, developing a new isoprene gas-phase 

mechanism will have the potential to improve atmospheric prediction of both gas-phase 

products and SOA formation. 

Atmospherically measured SOA tend to exceed those predicted by current models for 

a number of possible reasons: (1) the estimates of VOC emissions in current models are 

low (Guenther et al., 1995; Capes et al., 2009); (2) Not all SOA-forming VOCs are 

represented and predicted in current models, such as large alkanes and alkenes, which 

may also be a substantial SOA source (Pun et al., 2003; Heald et al., 2011); (3) the degree 

of seed aerosol and SOA oxidation in chamber studies may be less than that of ambient 

aged ambient aerosols (Donahue et al., 2011; Kroll et al., 2011); (4) the mechanisms of 

SOA formation from VOC oxidations are not fully understood; (5) environmental 

conditions may also influence on SOA yields. Effects of temperature, relative humidity, 

and acidity of seed aerosol on SOA yields from VOC oxidation have not been fully 

quantified (Sato et al., 2011; Kamens et al., 2011; Zhou et al., 2011; Offenberg et al., 

2009), and hence not included in current models.As an important contributor to ambient 

SOA, isoprene SOA are not well characterized for the reasons (3), (4) and (5). It has 

become apparent that more understanding of both the gas-phase and particle-phase 

reactions from isoprene is required. 
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1.3 Objectives 

The primary objective of this research is to develop a new gas-phase isoprene 

mechanism which can improve gas-phase prediction as well as expand to the particle-

phase prediction as the mechanism is further understood. To address this major goal, the 

following objectives are proposed: 

Objective 1: 

Perform sufficient isoprene experiments in the UNC 274m
3
dual outdoor smog 

chambers over a wide range of HC/NOx ratio. Urban hydrocarbon mixture (HCmix) (See 

detailed composition in Table 1-2) and other important hydrocarbons will be involved in 

some of the experiments. 

Objective 2: 

Develop a new isoprene condensed gas-phase mechanism that can be implemented 

into current Carbon Bond Mechanisms (CB4 and CB05) in Morpho and FACSIMILE 

simulation system. Morpho is a versatile kinetics simulation package developed at UNC 

(Jeffries, et al., 1998) and FACSIMILE is a generalized kinetics software program that is 

commonly used in Europe and the US. 

Evaluate the new isoprene mechanism with other currently used mechanisms (MCM, 

SAPRC, etc.) against smog chamber experiments, which include NOx, O3, and important 

VOC compounds (i.e. isoprene, MACR, and MVK). 

Objective 3: 

Characterize the SOA formation from isoprene/MACR under initially high-NO 

conditions. The influence of environmental factors such as NOx levels, relative humidity 

(RH), and aerosol acidity will be examined. Detailed SOA composition including 
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important SOA tracers in the ambient atmosphere, oligomers, and organosulfates will be 

analyzed. 

In Chapter II, anew gas-phase condensed mechanism of isoprene-NOx 

photooxidation will be described. In Chapter III, the influence of isoprene peroxy radical 

isomerization mechanisms on ozone simulation with the presence of NOx will be 

described. In Chapter IV, effect of RH on SOA formation from isoprene/NO 

photooxidation will be discussed. In Chapter V, the SOA formation from methacrolein 

photooxidation will be discussed. 
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Table 1-1.Summary of currently used gas-phase mechanisms and their sizes. 

Mechanisms Species Reactions ∑RO2
a
 ∑ON

b
 Reference 

 MCM v3.1 179 583 32 34 (Saunders et al., 2003) 

CRI v2 28 95 8 9 (Jenkin et al., 2008) 

MIM2 68 194 19 12 (Taraborrelli et al., 2009) 

GEOS-CHEM 67 228 20 13 (Fu et al., 2008) 

MOZART v4 29 85 7 5 (Pfister et al., 2008) 

UKCA 16 54 4 4 (Zeng et al., 2008) 

CB4 13 29 3 3 (Gery et al., 1989) 

CB05 17 49 4 3 (Yarwood et al., 2005) 

SAPRC99 57 151 15 2 (Carter, 2003) 

SAPRC07 53 297 6 3 (Carter, 2010) 

STOCHEM 12 24 4 2 (Collins et al., 1999) 
a
∑RO2 represents the total number of peroxy radical (RO2) species in each mechanism. 

b
∑ON represents the total number of organic nitrate (ON) species in each mechanism. 

Definitions of mechanism are given below with main references to each mechanism 
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Table 1-2. Composition of the HCmixused in smog chamber experiments
a
. 

Compound Carbon Fraction 

isopentane  0.1619 

n-pentane 0.2545 

2-methyl-pentane 0.0839  

2,3-dimethyl-pentane 0.0839  

2,2,4-trimethyl-pentane 0.1122  

Ethylene 0.1304  

Propylene 0.0516  

1-butene 0.0280  

cis-2-butene 0.0308  

2-methyl-2-butene 0.0277  

2-methyl-1-butene 0.0394  
a
 Compounds and carbon fraction are designed to be similar to reflect hypothetical 

ambient air compositions and fractions.  
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Mechanism of Isoprene-NOx Photooxidation in Atmospheric Environment, 45, 4507-4521, 

2011 (Copyright 2011 by the Elsevier Ltd). 

CHAPTER II 
 

 

A New Gas-phase Condensed Mechanism of Isoprene-NOx 

Photooxidation
1
 

 

2.1 Introduction 

Isoprene (2-methyl-1,3-butadiene, C5H8) is one of the most important global biogenic 

volatile organic compounds (BVOCs), and is a precursor for both ozone (O3) and 

secondary organic aerosol (SOA) under atmospheric photooxidation. The emission rates 

of isoprene fluctuate with seasons and increase strongly with solar radiation intensity and 

temperature. The annual global emission of isoprene is on the order of 600 Tg/year 

(Guenther et al., 1995). 

A number of photochemical mechanisms that include isoprene chemistry have been 

developed during the past two decades, such as the Carbon Bond mechanisms (CB4 and 

CB05) (Gery et al., 1989; Yarwood et al., 2005), the SAPRC mechanisms (SAPRC99 and 

SAPRC07) (Carter, 2000; 2009), the Regional Atmospheric Chemistry Mechanism 

(RACM) (Stockwell et al., 1997), and the Master Chemical mechanism (MCM) 

(Saunders et al., 2003). The Carbon Bond and the SAPRC mechanisms are condensed 

mechanisms using different mechanistic approaches, while the MCM mechanism 

attempts to explicitly represent atmospheric reactions of isoprene in great detail. More 

recently, Taraborrelli et al. (2009) lumped and condensed the MCM isoprene mechanism 

and developed the MIM2 mechanism, which performed similarly to the MCM mechanism 

in simulations. However, limitations exist in most of these mechanisms. For example, the 



 

10 

 

Carbon Bond mechanisms are too condensed to represent many major gas-phase products 

and SOA precursors, the SAPRC mechanisms currently lack sufficient explicit chemistry 

to represent important SOA precursors, and the MCM isoprene mechanism is very large 

(approximately 200 species and 600 reactions) and difficult to use in current air quality 

models. In addition, most current isoprene mechanisms cannot adequately simulate all 

atmospheric isoprene-NOx conditions. Furthermore, a number of recent laboratory, 

mechanistic, and field studies indicated new isoprene pathways, yields, and products that 

have not been represented in current mechanisms (Perring et al., 2009; Paulot et al., 2009; 

Peeters et al., 2009; Lockwood et al., 2010; Archibald et al., 2010). Hence, there is a need 

to develop a new kinetic isoprene mechanism based upon recent studies and improve 

model predictions of isoprene photooxidation. 

 

2.2 Experimental Section 

2.2.1 Chamber A 

Twenty-one experiments were performed in 2009 and 2010 at the University of 

North Carolina 274 m
3
 dual outdoor smog chamber (Chamber A) located in Pittsboro, NC 

under clear natural sunlight. The experimental facility detail has been described in 

previous studies (Lee et al., 2004; Leungsakul et al., 2005; Hu et al., 2007; Kamens et al., 

2010). The smog chamber is divided by a Teflon film curtain into two separated sides: a 

136 m
3
 side referred as “North” and a 138 m

3
 side referred as “South”. Both sides of the 

chamber were vented with rural North Carolina background air for at least 6 hours before 

each experiment. A subsequent drying process was performed with a 250 L min
-1

 Aadco 

clean air generator at a flow rate of 6m
3
hr

-1
 to each side of the chamber. The extent of 

drying time depended on the specific needs of a given experiment. 

Before each experiment, sulfur hexafluoride (SF6) was injected as an inert tracer gas 
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into each side of the chamber and its concentration was monitored chromatographically. 

Oxides of nitrogen were injected into the chamber from high-pressure gas cylinders. Pure 

liquid isoprene (99%, Aldrich, Milwaukee, WI) was then heated and vaporized in a U-

tube and flushed into the chamber with a nitrogen flow. To simulate an urban 

environment in some experiments, an eleven-component gas-phase urban hydrocarbon 

mixture (HCmix) (Kamens et al., 2010) that ranges in volatility from ethylene to 

trimethylpentane was injected into the chamber from a high-pressure nitrogen cylinder. 

The measurements of O3, NOx, and hydrocarbons from the chamber are described in 

detail elsewhere (Hu et al., 2007; Kamens et al., 2010). 

2.2.2 Chamber B 

Five experiments were carried out between 1996 and 1999 at the University of North 

Carolina 300 m3 dual outdoor smog chamber (Chamber B) in Pittsboro, NC under clear 

natural sunlight. Detail descriptions of this “A” frame chamber and the employed 

instruments are available elsewhere (Jeffries et al., 1976; Yu et al., 1995; Chien et al., 

1998; Liu et al., 1999a, 1999b). This chamber is also divided in half and one side is 

referred as “Red” or “R”; the other side is referred as “Blue” or “B”. O3, NOx, and VOCs 

were directly monitored by on-site instruments connected to the sample lines of the 

chamber. 

 

2.3 Mechanism Development 

2.3.1 Mechanism description 

A new 64-step gas-phase kinetic isoprene mechanism involving 31 species 

(Appendix A) was developed in this study and called “ISO-UNC”. Table 2-1 describes 

abbreviated name of species in this mechanism. The general isoprene photooxidation 

schemes of the OH and NO3 radicals and O3 are illustrated in Figure2-1 and 2-2. The 

process of isoprene photooxidation has been described by a number of studies (Pinho et 
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al., 2005; Fu et al., 2008; Paulot et al., 2008; Taraborrelli et al., 2009; Carlton et al., 2009). 

This mechanism attempts to represent the formation of major isoprene oxidation products 

(C2 to C5) from the reactions of isoprene with OH radicals, O3, and NO3 radicals. The 

mechanism is highly condensed and includes many lumped intermediate species and 

reactions: products with isomers are mostly lumped as one product (peroxy radical 

isomers, etc.); minor pathways and very low concentration products are neglected; non-

reactive species are neglected (H2, CO2, etc.); successive reactions with a rate-limiting 

step are combined (RH + OH  R; R + O2 RO2, etc.); species with similar structure, 

reactions, and functional groups are generalized and represented by the same name 

(ALDX as higher aldehydes, etc.); reactants of fast reactions are substituted with products 

(decomposition of alkoxy radicals (RO), etc.). It was designed, however, to predict many 

of the current products that lead to SOA formation and hence it is different than most 

currently used lumped or condensed mechanisms. 

Mechanistic pathways, rate coefficients, and product yields were obtained from either 

the available isoprene literature, or studies with similar compound structures (Jenkin et al., 

1997, 2002; Atkinson et al., 2006). Some reactions were adjusted within the uncertainty 

of literature values, to improve simulation fits to the entire experimental data base. 

2.3.2 OH chemistry 

The OH radical reacts with isoprene primarily by addition to one of the two double 

bonds. The four addition positions give four possible hydroxyl alkylperoxy radicals; 

isomerization will also produce several more hydroxyl peroxy radicals. Carter and 

Atkinson (1996) proposed twelve different isomers of isoprene peroxy radicals; Clark et 

al. (2010) propose eight β-hydroxy peroxy radicals; Lei and Zhang (2001) showed six 

corresponding peroxy radicals; MCM represented four major peroxy radicals (Pihno et al., 

2004), and MIM2 lumped these into three (Taraborrelli et al., 2009). Recently, Peeters et 
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al. (2009) pointed out that isoprene hydroperoxy radicals can undergo 1,5-H and 1,6-H 

shift isomerization, regenerating OH and HO2 via different pathways from peroxy radical 

pathways. Since most isoprene hydroperoxy radicals tend to have similar behavior and 

reactions, they were lumped and represented as one RO2 (ISOPO2 in reaction 1). ISOPO2 

can undergo 1,5-H and 1,6-H shift isomerization pathways (reaction iso1-3). 1,5-H shift 

isomers will decompose to form methacrolein (MACR), methyl vinyl ketone (MVK), 

formaldehyde (FORM), and OH radicals (reaction iso1 and iso2). 1,6-H shift isomers will 

form HO2 radicals and Z-hydroperoxy-methyl-butenals (HPALD) (reaction iso3), which 

are photolyzed at a very fast rate, forming smaller hydrocarbons, OH radicals, and HO2 

radicals. Since this photolysis reaction is likely very fast (Stavrakou et al., 2010), here it 

is lumped into reaction iso3. 

(iso3)                                                                                               FORM                           

 GLYALD 5.0  MGLY 5.0  HYAT 5.0  OH  HO22 ISOPO2

(iso2)                                                                                FORM OH MACR ISOPO2

(iso1)                                                                                   FORM OH MVK ISOPO2

(1)                                                                                    ISOPO22OOH
 ISOP









  

 

We used branching ratios for the 1,5-H and 1,6-H shift isomerization pathways that 

are lower than Peeters et al. (2009) suggested, and the suggested values need further 

confirmation. In addition, these two isomerization pathways are not included in most 

current mechanisms, and it turns out that the new pathways will make a significant 

difference to O3 formation, only when the NO concentration is very low (Peeters et al., 

2009; Peeters and Müller, 2010; Stavrakou et al., 2010). 

ISOPO2 undergoes reaction with NO, HO2 radicals, RO2 radicals, and NO3 radicals 

for further oxidation. In the presence of NO, reactions 2a and 2b occur, producing a 
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lumped alkoxy radical and a lumped organic nitrate. The reported yields of isoprene 

organic nitrates ranges from 4% to 13% based upon several experimental studies (Jenkin 

et al., 1998; Zhang et al., 2000; Zhang et al., 2001; Lockwood et al., 2010). Using the 

different isoprene peroxy radical branching ratios and organic nitrate yields, an overall 

average value of 9.2% isoprene organic nitrate yield was calculated and employed in ISO-

UNC. The primarily products of ISOPO2 + HO2 reactions are hydroperoxides (Paulot et 

al., 2008), which were lumped here as ISOPOOH (reaction 3). Isoprene peroxy radicals 

react with all the peroxy radicals (including self reactions) and mainly follow two 

pathways (reactions 4a and 4b), and produce alkoxy radicals, diols, and aldehydes. The 

branching ratios of reactions 4a and 4b were set to be 0.75:0.25 for C5 RO2s and 

0.65:0.35 for C4 RO2s. (Finlayson-Pitts and Pitts, 2000). The ISOPO2 + NO3 reaction is 

similar to ISOPO2 and NO reaction, producing alkoxy radicals and NO2 (reaction 5). 

(5)               NO2  ISOPO NO3   ISOPO2

(4b)        ALDX  ISOPOH                             

(4a)                  O2  ISOPO RO2   ISOPO2

(3)                     ISOPOOH  HO2   ISOPO2

(2b)                           ISOPN                           

(2a)                NO2  ISOPO NO   ISOPO2













 

The alkoxy radicals (RO) formed from the above pathways are not stable, and further 

react with O2, or undergo unimolecular decomposition, or isomerization (Atkinson, 1997); 

all of these are fast reactions. Therefore, the lumped alkoxy radical was replaced by its 

products in the mechanism (reaction 6). 

(6)                                             HO2   C2O3 ALDX FORM   HYAT                  

 GLYALD   GLY   MGLY  MVKOH  C5Carb  MACR MVK   ISOPO




 

The major products include MACR, MVK, C5-hydroxy carbonyls (C5Carb isomers), 

hydroxyl methyl vinyl ketone (MVKOH), methylglyoxal (MGLY), glyoxal (GLY), 

glycolaldehyde (GLYALD), hydroxyacetone (HYAT), and aldehydes (Carter and 
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Atkinson, 1996; Pinho et al., 2004; Fu et al., 2008; Taraborrelli et al., 2009). The yields of 

these products are calculated based upon the branching ratios of the lumped alkoxy 

radical and the removal products for the individual alkoxy radicals. 

2.3.3 O3 chemistry 

The reaction of isoprene with O3 initiates by O3 attacking the double bonds to form 

two intermediate ozonides: 1,2-ozonide (~40%) and 3,4-ozonide (~60%) (Kamens et al., 

1982; Carter and Atkinson, 1996; Finlayson-Pitts and Pitts, 2000). Each ozonide will then 

decompose to formaldehyde, carbonyls (MACR or MVK), and energetic Criegee 

biradicals. A small amount (~5%) of gas-phase methylvinyl oxirane (MVOg) is produced 

in both ozonolysis pathways (Carter and Atkinson, 1996). The rearrangement and 

stabilization of the energetic Criegee biradicals lead to the formation of stabilized Criegee 

biradicals and other experimental measured products shown in reaction (7) (Finlayson-

Pitts and Pitts, 2000).  

(7)                                                                                            Criegees                        

MVOg05.0  FORM0.60  MACR0.20 MVK 0.15  O3  ISOP





The stabilized Criegee biradicals can react with inorganic compounds such as H2O, CO, 

NO, NO2, SO2, among which the H2O pathway predominates under normal conditions. 

Stabilized Criegee biradicals can also react with aldehydes to form secondary ozonides 

and alcohols and acids to form larger molecules. Although the rate coefficient of aldehyde 

and acids reactions are higher than that of the water reactions, a small yield of products is 

applied because water concentration is usually much higher than aldehydes concentration. 

Thus, Criegee biradical products are simplified and lumped in ISO-UNC. 

2.3.4 NO3chemistry 

Isoprene + NO3 radical reaction is a more important removal process of isoprene 

during the nighttime and under high-NOx conditions. Similar to the OH radical reactions, 
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the NO3 radicals also attack one of the two double bonds, generating nitrate alkyl radicals 

and further forming nitrate peroxy radicals. Laboratory studies (Skov et al., 1992; Perring 

et al., 2009) show that the addition of NO3 radical at the C2 or C3 positions is negligible 

and the addition at C1 position takes up 75%-85%, compared with a 15%-25% addition at 

C4 position. In ISO-UNC, an 80% addition at C1 position and a 20% at C4 position are 

assumed. Four peroxy radicals are possibly formed: a C1 addition δ-peroxy radical 

(major), a C1 addition β-peroxy radical (minor), a C4 addition δ-peroxy radical, and a C4 

addition β-peroxy radical (0.7:0.1:0.1:0.1). A lumped nitrate peroxy radical is used to 

represent these peroxy radicals (reaction 8), where, ISOPNO3O2 = 0.7*β-ISOPNO3O2 + 

0.1* δ-ISOPNO3O2 + 0.1* β-ISOPNO3O2+0.1* δ-ISOPNO3O2. 

(8)    ISOPNO3O2  NO3  ISOP   

The lumped nitrate peroxy radical, ISOPNO3O2, then undergoes reaction with NO, 

HO2 , RO2, and NO3 as illustrated below in reactions 9-12 (Perring et al., 2009). The 

kinetics of these four pathways is similar to those of the ISOPO2 reactions: forming 

nitrate products or releasing NO2 and production of short lived alkoxy radical 

intermediates. Decomposition and isomerization of β-peroxy radicals produce MACR, 

MVK, formaldehyde, and release of NO2; the δ-peroxy radical reactions produce C5-

hydroxy carbonyls (isomers), methylnitroxy butenals (denoted as MNB, isomers), HO2 

radicals, and NO2. The lumped yield of each product was calculated based upon 

branching ratios from both proposed kinetics and experimental studies (Skov et al., 1992; 

Carter and Atkinson, 1996; Perring et al., 2009). 
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(12)          NO2 NO2) FORM  MACR0.5MVK (0.50.2                                         

NO2) (C5Carb0.60 HO2) (MNB0.2 NO3   ISOPNO3O2

(11)                                                                                    NTR0.25                                      

 NO2) NO2) FORM  MACR0.5MVK (0.50.2                                      

NO2) (C5Carb0.60 HO2) (MNB(0.20.75 RO2   ISOPNO3O2

(10)                  ROOH0.34 OH0.536 NO2) (FORM0.134                                        

 MVK) (MACR0.067 MNB) (C5Carb0.264  HO2   ISOPNO3O2

(9)                                                                                       NTR0.1                                      

 NO2) NO2) FORM  MACR0.5MVK (0.50.2                                      

NO2) (C5Carb0.60 HO2) (MNB(0.20.9 NO   ISONO3PO2





















 

2.3.5 Chemistry of major products 

2.3.5.1 C5-compound reactions 

From above pathways, the major C5 products of isoprene photooxidation are C5-

hydroxy carbonyls (isomers),methylnitroxy butenals (isomers), and hydroxy 

hydroperoxides (isomers). To keep the mechanism condensed, only OH oxidation is 

considered for these compounds (O3, NO3, photolysis are other possible minor pathways). 

C5-hydroxy carbonyls reacting with OH produce three possible peroxy radicals 

(Taraborrelli et al., 2009), is represented as one lumped species in the mechanism 

(C5CarbO2). This peroxy radical follows the same pattern as IRO2 and ISOPNO3O2 

reactions, as shown below in reactions 13-16. The reaction of peroxy radicals and HO2 

radicals has recently been suggested as an important regeneration pathway of OH radicals, 

especially for acylperoxy radicals (Archibald et al., 2010). Hence, HOx recycling scheme 

is represented in RO2 + HO2 reactions as reaction 14. 
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(16)                                                                 NO2 HO2 ALDX0.5                                  

GLYALD0.62   MGLY0.33 GLY0.18 HYAT0.32 NO3   C5CarbO2

(15)                    ALDX0.125 AACD0.125 ) HO2 ALDX0.5                                 

GLYALD0.62   MGLY0.33 GLY0.18 HYAT(0.320.75 RO2   C5CarbO2

(14)                                                                                       OH)  HO2                                   

ALDX0.5  GLYALD0.62 MGLY0.33  GLY0.15                                   

HYAT(0.320.44  O3)  (AACD0.15  PACD0.41  HO2   C5CarbO2

(13)                                        NTR0.02   NO2) HO2 ALDX0.5                                 

GLYALD0.62   MGLY0.33 GLY0.18 HYAT(0.320.98 NO   C5CarbO2



















 

Methylnitroxy butenals are formed only under the isoprene-NO3 pathway, and thus it 

is not as important as C5-hydroxy carbonyls in this photooxidation mechanism. Therefore, 

only one reaction is used to represent the methylnitroxy butenal sink (Perring et al., 2009), 

as shown in reaction 17. 

(17)    NO2 GLY  MGLY  OH  MNB   

Lumped hydroxy hydroperoxides (ISOPOOH) includes β4-ISOPOOH and δ4-

ISOPOOH (Lei and Zhang, 2001; Pinho et al., 2004; Taraborrelli et al., 2009). According 

to a recent study (Paulot et al., 2009), β4-ISOPOOH and δ4-ISOPOOH reacting with OH 

will form dihydroxyepoxides: β-IEPOX and δ-IEPOX, were lumped as IEPOX in ISO-

UNC (reaction 18). The other hydroxyl hydroperoxide isomers will form hydroperoxy 

radicals and aldehydes. In addition, this is another important pathway of HOx recycling, 

regenerating OH radicals. The production of dihydroxyepoxides (IEPOX) is believed to 

participate in isoprene SOA formation under low-NOx condition. 

(18) ISOPO2*0.175 OH)  (ALDX 0.075 OH)IEPOX(0.75  OH  ISOPOOH 

 

2.3.5.2 C4-compound reactions 

MACR and MVK are both important C4 products of isoprene photooxidation. A 
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number of studies have focused specifically on rate coefficients and products of MACR 

and MVK reactions (Atkinson, 1994; Kwok et al., 1996; Orlando and Tyndall, 1999; 

Ochando-Pardo et al., 2007). They both have a double bond and can react with OH, NO3, 

O3, and photolyze. The oxidation kinetics of MVK is similar to isoprene oxidation, except 

there is only one double bond for OH, NO3, and O3 additions (reactions 19-21). 

(21)                                                          SECOZO0.002 O3P0.05                       

 ALD20.05 HCOOH0.12 H2O20.19 FORM0.57                       

C2O30.28 HO20.06 CO0.53 OH0.17 MGLY0.67  O3 MVK 

(20)                                                                  NO2  FORM  MGLY NO3MVK 

(19)                                                                                            MVKO2  OH MVK 











 

MACR has aldehyde and carbon double-bond groups, and thus for OH and NO3 

radical reactions, both H-atom abstraction from the –CHO group and addition to double 

bond are possible. A 0.45:0.55 contribution of each pathway is assumed for OH reaction 

in ISO-UNC (reaction 22), and a 50% contribution by both pathways is assumed for NO3 

reaction (reaction 23) (Carter and Atkinson, 1996; Yinon Rudich et al., 1996; Stroud et al., 

2001). 

(24)                                                                SECOZO*0.002 O3P*0.05                          

 ALD2*0.05 HCOOH0.12 H2O20.19 FORM0.57                          

C2O30.28 HO20.32 CO0.53 OH0.34 MGLY0.67  O3  MACR

(23)   HNO30.5 MACO30.5  NO25.0 FORM5.0 MGLY0.5 NO3 MACR

(22)                                                           MACO30.45 MACRO20.55  OH  MACR











The ozonolysis of MACR and MVK both produce MGLY, OH, CO, HO2, acetylperoxy 

radical (C2O3), formaldehyde, hydrogen peroxide (H2O2), formic acid (HCOOH), 

acetaldehyde (ALD2), and secondary ozonides (SECOZO) (reaction 21 and 24), the 

yields of which are based upon relevant studies (Kamens et al., 1982; Atkinson, 1994; 
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Kwok et al., 1996; Yinon Rudich et al., 1996; Zimmermann et al., 1996; Orlando and 

Tyndall, 1999; Finlayson-Pitts and Pitts, 2000; Ochando-Pardo et al., 2007; Taraborrelli 

et al., 2009).  

The peroxy radicals formed from MACR and MVK oxidation include two lumped 

hydroxyl alkylperoxy radicals (MACRO2 and MVKO2) and one acylperoxy radical 

(MACO3). The alkylperoxy radicals behave very similar to the peroxy radicals discussed 

above. The acylperoxy radicagl also reacts with NO, RO2 radicals, HO2 radicals, and NO3 

radicals, but with different kinetics and rate coefficients (reactions 25-28) (Orlando and 

Tyndall, 1999; Finlayson-Pitts and Pitts, 2000; Paulot et al., 2008; Taraborrelli et al., 

2009). MACO3 further reacts with NO2 radicals and form a PAN-like compound (MPAN) 

(reaction 29a) and 29b), which is believed to somehow associate with isoprene SOA 

formation under high-NOx condition. 

(27)                                     ALDX0.175 AACD0.175                              

FORM)2.0  CO(0.650.65 RO2   MACO3

(26)                       OH)  FORM2.0  CO(0.650.44                               

O3)  (AACD0.15  PACD0.41  HO2   MACO3

(25)                                     NO2  FORM2.0  CO0.65 NO   MACO3











 

(29b)                                                                          NO2   MACO3 MPAN

(29a)                                                                          MPAN NO2   MACO3

(28)                                   NO2  FORM2.0  CO0.65 NO3   MACO3







 

2.3.5.3 C2-C3-compound reactions 

Methylglyoxal, glyoxal, glycolaldehyde, and hydroxyacetone are the four major 

species formed from isoprene photooxidation, among which only the methylglyoxal 

chemistry is included in Carbon Bond Mechanism. The chemistry of the other three 

compounds is briefly represented (reactions 30-32) in ISO-UNC. The rate coefficients 
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and product yields are referred from a number of studies (Orlando et al., 1999; Bacher et 

al., 2001; Dillon et al., 2006; Karunanandan et al., 2007; Feierabend et al., 2008). 

Glycolaldehyde could have been lumped as a simple aldehyde (ALD2) since it behaves 

similarly to acetaldehyde. However, glycolaldehyde may play a role in aqueous-phase 

SOA formation, and thus it is preserved as an individual compound. 

(32)                                                         HO20.75 OH0.25                               

 CO.50  FORM0.6 HCOOH0.2 GLY.20  OH  GLYALD

(31)         GLYALD0.1  FORM0.1  HO20.9  MGLY0.9 OH  HYAT

(30)                                                                                 CO2  HO2  OH  GLY









 

2.3.5.4 Organic Nitrate Reactions 

Product hydroxynitrates (ISOPN, MACRN, and MVKN) can further react with OH 

radicals (Paulot et al., 2008), releasing some nitrogen in the form of NO2 and NO3, and 

forming smaller organic compounds (reactions 33-35). 

(35)                               NO3  FORM0.3 HCOOH0.7 MGLY0.7  OH  MVKN

(34)                                                                      NO3*0.5NO20.5                               

 FORM0.3 HCOOH*0.2 MGLY0.2  HYAT0.5 OH  MACRN

(33)    DHB0.20 HCOOH0.31 NO30.31 NTR0.23                                            

NO21.31 FORM0.66  MVKN0.11                                             

MACRN.050 GLYALD0.21  HYAT.560 
NOO2,

 OH  ISOPN











 

 

2.3.6 Photolysis reactions 

Most relevant photolysis reactions are included in the Carbon Bond mechanisms 

(Gery et al., 1989; Yarwood et al., 2005). In ISO-UNC, the photolysis of Z-hydroperoxy-

methyl-butenals (reaction iso2), MACR, MVK, GLY, and isoprene hydroxynitrates 

(ISOPN) are additionally included (reactions 36-39). 
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(39)                                                 NO2 HO2) (C5Carb*0.28                         

 C2O3)*0.12 MVKOH*0.12 HO2*0.88                         

FORM*0.88 MACR*0.44MVK *(0.440.72 hν  ISOPN

(38)                                            FORM0.8  CO1.2  HO20.4 hν  GLY

(37)                                                                         CO ETH PAR hν MVK 

(36)                    OH0.34 HO20.66 OLE  ETH  PAR2  hν  MACR













 

Relevant studies (Raber and Moortgat, 1994; Atkinson et al., 1997; Paulot et al., 

2008; Taraborrelli et al., 2009) were used to determine products and yields of above 

reactions. The photolysis rate coefficients were calculated via: 
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The effective light flux 
  is based upon measurements at the UNC outdoor smog 

chamber (Jeffries et al., 1989). The cross section and quantum yield (σ and Φ) are 

wavelength dependent for individual compounds and are generally based upon IUPAC 

(2002) and JPL (2006). 

 

2.4 Results and Discussion 

2.4.1 Gas-phase system description 

Table 2-2 summarizes the initial experimental conditions of the conducted 

experiments in Chamber A. The initial isoprene concentration ranges from 0.1 ppmV to 

1.25 ppmV; the initial NOx concentration ranges from 50 ppb to 600 ppb. In four 

experiments, different concentrations of HCmix provided an environment for isoprene 

experiments. Table 2-3 lists the 5 experiments performed in Chamber B, with initial 

isoprene concentrations from 0.38 ppmV to 2.07 ppmV, and NOx concentration from 166 

ppb to 637 ppb. From the initial conditions, HC/NOx ratios were calculated (in most cases 
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here except the HCmix experiments, HC represents isoprene). All the experiments can be 

categorized into three conditions: a high HC/NOx ratio (HC/NOx>5), a medium HC/NOx 

ratio (1< HC/NOx<5); and a low HC/NOx ratio (HC/NOx<1). Suggested ambient 

isoprene/NOx ratios are less than 20 (Hewitt et al., 2009; Robinson et al., 2011), and in 

this study, the isoprene/NOx ratios range from 0.3 to 18. Initial chamber temperature 

ranges from 275K-295K and the maximum temperature from 304K-315K. 

A box model framework based upon the Morpho kinetics simulation package 

(Jeffries et al., 1998) was used for this work. Real-time measurements of temperature, 

relative humidity, and dilution rate were used for environmental condition inputs. 

Ambient pressure was set to be 101325 Pa. Ambient air composition and chamber wall 

reactions were consistent the with UNC smog chamber simulation system (Hu et al., 

2007). The isoprene reactions in the Carbon Bond mechanism were replaced by the new 

64-step isoprene mechanism discussed above, and thus an isoprene mechanism based on 

the Carbon Bond Mechanism was formed. 

2.4.2 Mechanism evaluation against chamber data 

Figure 2-3 shows examples of the simulation performance of the new condensed gas-

phase mechanism: Figure 2-3a-c show model results for each HC/NOx ratio condition. 

Isoprene, O3, NO, and NO2 scenarios are simulated in all of the three figures. Isoprene 

decreases rapidly after photooxidation starts. Ozone accumulates when most of the NO 

was removed. Under high HC/NOx ratios (Figure 2-3c), a temporal NOx reservoir forms 

from acylperoxy reactions with NO2 to generate R(O)O2NO2 (PAN). Depending on 

temperature PAN can decompose to give back NO2 and may result in multiple O3 peaks. 

The discrepancy between measured NO2 and modeled NO2 is due to the PAN and other 

alkylnitrate formation, since the NOx instrument also detects these compounds as NO2. 

For higher initial isoprene concentration experiments (initial isoprene concentration 
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higher than 0.8 ppmV) chromatographic MACR and MVK data were available, and the 

simulation performance for MACR and MVK are shown in Figure 2-3d. 

Simulations of the 22 isoprene + NOx experiments (Table 2-1 and 2-2) indicate that 

the new isoprene mechanism can reasonably predict O3-NOx-VOC experimental data over 

a wide range of HC/NOx ratios. The maximum O3 simulation error is within -21% and 

18%. All of the figures shown here are based upon ISO-UNC in combination with CB05; 

when ISO-UNC, however, was used in combination with CB4, peak O3 was 10-30 ppb 

higher than when CB05 was used. 

2.4.3 Comparison between this mechanism and other currently used mechanisms 

A mechanism intercomparison study was performed with different HC/NOx ratio 

conditions using ISO-UNC and other mechanisms including MCM v3.1, SAPRC99, 

SAPRC07, MIM2, CB4, and CB05. Time concentration profiles for O3, NO, NO2, 

isoprene, MACR, MVK, OH, HO2, MGLY, GLY, HNO3, FORM, and CO were used as 

indicators of performance (MACR, MVK, and GLY are not available in CB4 and CB05). 

Examples of intercomparison results are shown in Figure2-4, 2-5, and 2-6 (for low 

HC/NOx ratios to high HC/NOx ratios). 

As the results show, the ozone prediction of this new mechanism can both reasonably 

match the maximum ozone level and closely simulate the entire ozone profile for all three 

examples under different HC/NOx ratios. Further, for all the conducted experiments, 

maximum ozone concentrations, Δ([O3]-[NO]) of each entire experiment, and NO=NO2 

crossover time simulated by different models are compared with observation results as 

shown in Figure 2-7 a–f. ISO-UNC and MCM v3.1 are the only two mechanisms that 

simulated peak ozone within ±25% relative error for all the experiments. The black dots 

shown in Figure 2-7 d-f are the median values of all the relative errors, among which this 

mechanism slightly over-predict maximum ozone; most other mechanisms under-predict 
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O3 to different extents, but MCM v3.1 mechanism had the best performance. Δ([O3]-[NO]) 

and NO=NO2 crossover time of ISO-UNC performs as well as the MCM v3.1 mechanism, 

and better than the other mechanisms. Comparisons indicate that the MCM v3.1 

mechanism and the new mechanism performed reasonably better than all the other 

mechanisms; the SAPRC07 mechanism and Carbon Bond mechanisms on average do not 

simulate O3 as well as the other mechanisms. 

The isoprene simulations and NO simulations are very similar between different 

mechanisms (except the CB4 mechanism), probably because isoprene and NO are both 

initial reactants and their reaction rate coefficients have been well studied and are reliably 

known. The NO2 simulations in ISO-UNC decrease more slowly than most of the other 

mechanisms after reaching its peak concentration (2009JUL03N in Figure 2-3b and 

2010JUN22S in Figure 2-3c). This discrepancy is probably the major reason for the better 

prediction of ozone in ISO-UNC. 

MVK simulations at all HC/NOx ratio conditions are very similar among the different 

mechanisms. However, the MACR yield of the new mechanism is a little higher than the 

other mechanisms under low and medium HC/NOx ratios but lower under high HC/NOx 

ratios. This discrepancy is primarily due to the different MACR yields from the 

decomposition of the isoprene alkoxy radical (reaction 6) and isoprene reacting with 

ozone (reaction 7). Under high HC/NOx ratios, all the simulations seem to fit MACR and 

MVK data reasonably well; SAPRC07, however, simulated MVK data a little better than 

the other mechanisms. Since MACR and MVK data are not available under lower initial 

isoprene conditions, their yields in ISO-UNC may need to be revised in the future. 

The other major species that are compared are either produced from secondary 

reactions or multiple-reaction dependent, and thus larger discrepancies are observed 

between different mechanisms. However, most of the discrepancies are within a 
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reasonable range and the new mechanism simulations are within the lower and upper 

boundaries in most cases. Generally, the new mechanism predicts ozone better than the 

other mechanisms and performs reasonably for simulations of other major species. 

As mentioned in Section 3, three HOx recycling mechanisms have been recently 

proposed (Archibald et al., 2010): (1) acylperoxy radical reacting with HO2; (2) IEPOX 

formation (Paulot et al., 2009); (3) 1,5- and 1,6-H shift of isoprene hydroperoxy radicals 

(Peeters et al., 2009). For evaluation purposes, the Peeters mechanism was implemented 

in the MCM v3.1 and a semi-explicit version in ISO-UNC to compare its performance 

against experimental data. However, when 1,5- and 1,6-H shift of isoprene hydroperoxy 

radicals is fully included, both modified mechanisms tend to over-predict ozone 

formation especially under the low-NOx condition (shown in Supplementary Information). 

Therefore, the Peeters mechanism is not fully implemented in ISO-UNC. To further 

confirm the Peeters et al. (2009) theoretical study, more low-NOx experiments need to be 

performed. 

2.4.4 Isoprene photooxidation modeling in an environment of urban hydrocarbon 

mixture 

In the troposphere, isoprene does not exist by itself but in an environment of a 

complex hydrocarbon mixture. To test whether the new isoprene mechanism could 

simulate O3-NOx behavior under such a mixture environment, an HCmix was introduced 

in these UNC outdoor smog chamber experiments. It has been well demonstrated that the 

Carbon Bond mechanisms are able to simulate this HCmix behavior at the UNC 

chambers (Gery et al., 1989; Yarwood et al., 2005; Kamens, et al, 2010). The HCmix 

species can be categorized based upon bond type (carbon single bonds, carbon double 

bonds, carbonyl bonds, etc.) using a structural-lumping technique (Gery et al., 1989). 

Therefore, it is very convenient to represent HCmix in Carbon Bond based mechanisms. 

The four experiments with isoprene and HCmix (Table 2-1, 2010MAY20N, 
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2010JUN08N, 2010SEP06N, and 2010SEP06S) had different isoprene/HCmix ppmC 

ratios, ranging from 1:5 to 2.5:1, in which 2010MAY20N and 2010JUN08N are duplicate 

experiments. 2010MAY20S is a controlled experiment involving only HCmix as a 

comparison of the isoprene + HCmix experiment. Since there are C5 compounds in 

HCmix (isopentane and n-pentane), our packed column gas chromatograph could not 

efficiently resolve isoprene from the mixture, and thus the isoprene data are not available 

in the mixture experiments. Figure 2-8 a confirms that the Carbon Bond mechanisms can 

simulate the HCmix behavior. As the simulation results show in Figure 2-8 b-e, the new 

isoprene mechanism can simulate O3-NOx behavior reasonably in all the four experiments. 

The slight over prediction of ozone in 2010SEP06N and 2010SEP06S is probably 

attributed to the increased complexity of the system and that the CB05 mechanism tends 

to slightly over predict ozone formed from the HCmix by itself. Overall, however, the 

new carbon bond based isoprene mechanism can simulate this complicated system at a 

very satisfactory level. 

 

2.5 Summary and Conclusion 

A new condensed mechanism for isoprene photooxidation developed in this study 

and was evaluated against outdoor chamber experiments performed at UNC. Although a 

gas-phase mechanism is presented here, it was designed to include the generation of 

products thought to contribute to secondary organic aerosol formation; and hence this 

mechanism can be expanded to simulate both gas and aerosol-phase products. 

An intercomparison study was performed and most current mechanisms tend to 

under-predict ozone concentrations, while the new mechanism developed in this study 

performs relatively better, but slightly over-predicts ozone formation on average. The 

new mechanism, however, predicts ozone better over a wider range of isoprene/NOx 
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ratios than other mechanisms, especially when the isoprene/NOx ratio is high (low NOx 

conditions). Overall, the new mechanism and the MCM v3.1 mechanism performed better 

than the other mechanisms included in this study, but the new mechanism has the 

advantage of being much more condensed than MCM v3.1. It should be noted that this 

new mechanism did not fully implement the Peeters et al. (2009) study to regenerate HOx 

because our low-NOx condition experiment does not support their theory and further 

confirmation study needs to be accomplished. The new mechanism also performed well 

in simulating isoprene experiments in an environment of hydrocarbon mixture, indicating 

a future potential of this mechanism to simulate complex atmospheric conditions.  
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Table 2-1.Abbreviated names and descriptions of species appearing in the present 

isoprene mechanism. 

Abbreviated Name Description 

C2O3 Acetylperoxy radical 

CXO3 C3 and higher acylperoxy radicals 

AACD Acetic and higher carboxylic acids 

PACD Peroxyacetic and higher peroxycarboxylic acids 

FORM Formaldehyde 

MGLY Methylglyoxal 

ALD2 Acetaldehyde 

ALDX Propionaldehyde and higher aldehydes 

NTR Lumped organic nitrate 

ISOP Isoprene 

ISOPO2 Lumped other isoprene hydroperoxy radicals 

ISOPNO3O2 Lumped isoprene nitrate peroxy radicals 

ISOPNOO Peroxy radicals produced from INTR oxidation 

C5CarbO2 Peroxy radicals produced from C5Carb oxidation 

MVKO2 Peroxy radicals produced from MVK oxidation 

MACRO2 Peroxy radicals produced from MACR oxidation (OH addition) 

MACO3 Peroxy radicals produced from MACR oxidation (H abstraction) 

SECOZO Secondary ozonides 

MVOg Gas-phase methylvinyl oxirane  

HPALD Lumped Z-hydroperoxy-methyl-butenals 

ISOPOOH Lumped isoprene hydroxy hydroperoxides 

IEPOX Lumped dihydroxyepoxides, β-IEPOX and δ-IEPOX 

Mbdiolg Lumped gas-phase methylbutenediols 

C5Carb Lumped C5-hydroxy carbonyls 

MACR Methacrolein 

MPAN Methacryloylperoxynitrate 

MVK Methyl vinyl ketone 

MVKOH β-hydroxy methyl vinyl ketone 

HYAT Hydroxyacetone 

GLYALD Glycolaldehyde 

GLY Glyoxal 

INTR Lumped isoprene nitrate 

MNB Lumped methylnitroxy butenal 

MACRN Lumped MACR nitrate 

MVKN Lumped MVK nitrate 

AERONTR Aerosol-phase nitrate 

DHB Dihydroxybutanone 
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Table 2-2.Initial conditions for conducted isoprene/NOx and isoprene/HC mix/NOx 

experiments in Chamber A. 

ID 

Initial 

isoprene 

(ppmV) 

Initial 

HC mix 

(ppmC) 

Initial 

[NO] 

(ppm) 

Initial 

[NO2] 

(ppm) 

Temperature 

Range K 
HC/NOx 

2009JUL01S 0.40   0.156 0.030 293 - 315 2.15 

2009JUL03N 0.40 

 

0.183 0.026 290 - 312 1.91 

2009JUL03S 0.40 

 

0.096 0.023 290 - 312 3.36 

2009AUG26N 0.10 

 

0.094 0.056 292 - 314 0.67 

2009AUG26S 0.20 

 

0.097 0.049 292 - 314 1.37 

2009OCT21N 0.20 

 

0.416 0.049 275 - 304 0.43 

2009OCT21S 0.20 

 

0.549 0.051 275 - 304 0.33 

2010JUN11N 0.11 

 

0.164 0.011 290 - 312 0.63 

2010JUN22N 1.10 

 

0.091 0.026 292 - 313 9.40 

2010JUN22S 1.25 

 

0.186 0.050 292 - 313 5.30 

2010JUL05N 0.40 

 

0.094 0.005 287 - 312 4.04 

2010SEP04N 0.95 

 

0.029 0.025 287 - 312 17.69 

2010SEP04S 0.85   0.104 0.030 291 - 310 6.31 

2010OCT15N 0.40 

 

0.142 0.009 282 – 299 2.65 

2010OCT15S 0.43 

 

0.138 0.001 282 – 299 3.09 

2010OCT21N 0.79 

 

0.253 0.001 281 – 303 3.11 

2010OCT21S 0.78 

 

0.252 0.001 281 - 303 3.08 

2010MAY20N 0.10 3 0.247 0.024 288 - 307 2.96 

2010JUN08N 0.10 3 0.310 0.020 287 - 309 2.43 

2010SEP06N 0.38 1 0.197 0.018 286 - 309 2.37 

2010SEP06S 0.19 2 0.206 0.011 286 - 309 3.00 
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Table 2-3.Initial conditions for conducted isoprene/NOx and experiments in Chamber B. 

ID 

Initial 

isoprene 

(ppmV) 

Initial 

[NO] 

(ppm) 

Initial 

[NO2] 

(ppm) 

Temperature 

Range K 
HC/NOx 

1996SEP24R 2.07 0.559 0.078 282 - 305 3.25 

1997JUN26R 1.29 0.268 0.074 295 - 315 3.77 

1997JUN26B 0.38 0.270 0.071 295 - 315 1.11 

1999SEP11R 1.56 0.156 0.010 284 - 307 9.40 

1999SEP11B 1.49 0.593 0.010 284 - 307 2.47 
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Figure 2-1.Reaction scheme for isoprene + OH radicals. 
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Figure 2-2.Reaction scheme for isoprene + O3/NO3 radicals.
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Figure 2-3. Model performance using ISO-UNC of O3, NOx, and major hydrocarbons. (a) NOx-O3-isoprene simulation under low HC/NOx ratio 

conditions; (b) NOx-O3-isoprene simulation under medium HC/NOx ratio conditions; (c) NOx-O3-isoprene simulation under high HC/NOx ratio 

conditions;  (d) Simulation of Mathacrolein (MACR) and Methyl Vinyl Ketone (MVK) under high initial isoprene concentrations. 
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Figure 2-4. Intercomparison of major products between mechanisms for low HC/NOx 

ratio condition (2009AUG26N). 
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Figure 2-5. Intercomparison of major products between mechanisms for the medium 

HC/NOx ratio condition (2009JUL03N). 
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Figure 2-6. Intercomparison of major products between mechanisms for the high 

HC/NOx ratio condition (2010JUN22S). 
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(e) 

 
(f) 

Figure 2-7. Comparison of simulated and measured results from different chemical 

mechanisms. (a) Maximum Ozone; (b) Δ([O3]-[NO]); (c) NO = NO2 crossover time; (d)-

(f) relative error comparison of maximum ozone, Δ([O3]-[NO]), and NO = NO2 crossover 

time of the mechanisms. 
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Figure 2-8. Model performance of O3 and NOx, for the isoprene + HCmix experiments. 

(a) 3.0 ppmC HCmix and 0.2 ppm NOx; (b) 3.0 ppmC HCmix, 0.1 ppmV isoprene, and 

0.2 ppm NOx; (c) 3.0 ppmC HCmix, 0.1 ppmV isoprene, and 0.2 ppm NOx; (d) 1.0 ppmC 

HCmix, 0.4 ppmV isoprene, and 0.2 ppm NOx; (e) 2.0 ppmC HCmix, 0.2 ppmV isoprene, 

and 0.2 ppm NOx. 
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CHAPTER III 
 

 

The Influence of Isoprene Peroxy Radical Isomerization Mechanisms on 

Ozone Simulation with the Presence of NOx
2
 

 

3.1 Introduction 

As the most abundant source of global biogenic volatile organic compounds 

(BVOCs), isoprene (2-methyl-1,3-butadiene, C5H8) plays a very important role in the 

atmospheric photooxidation system. Isoprene is primarily and rapidly oxidized by the 

hydroxyl radical (OH) in the troposphere, producing peroxy radicals (IRO2) in the 

presence of oxygen (Atkinson 1994). As described by most chemical mechanisms, IRO2 

after its formation mainly reacts with NO, HO2, and the other peroxy radicals in the 

atmosphere (reactions 1-3 below, Carter and Atkinson 1996; Saunders et al. 2003), 

forming isoprene alkoxy radical (IRO), isoprene organic nitrate (IRONO2), and isoprene 

hydroxyl hydroperoxide (IROOH). However, recent field studies report current chemical 

mechanisms tend to significantly under predict OH concentrations in the regions with 

abundant isoprene emissions, especially for the low-NOx environments (Ren et al. 2008; 

Lelieveld et al. 2008; Butler et al. 2008; Whalley et al. 2011). The large gap between 

modeled and measured OH indicates current chemical mechanisms do not fully represent 

isoprene photooxidation, especially HOxrecycling and regeneration. 

Besides the well characterized bimolecular reactions described above, recent 

theoretical studies have proposed a unimolecular isomerization and decomposition 

mechanism of IRO2 that could potentially have a significant impact on recycling and 

regenerating HOx in regions with high-isoprene and low-NOx concentrations (Peeters et al. 

2009; da Silva et al. 2010). In these studies, two β-hydroxyperoxy radicals undergo a 1,5-

H shift pathway and decompose forming OH, formaldehyde (HCHO), and either 
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methacrolein (MACR) or methyl vinyl ketone (MVK) (reaction 4); two δ-hydroxyperoxy 

radicals undergo a 1,6-shift pathway and rapidly react with oxygen producing HO2 and 

unsaturated hydroxyperoxy aldehydes (HPALD, reaction 5), which further photolyze and 

form OH, HO2, and carbonyls (reaction 6). 

                                    

                                     

                     

                     

                                  

    
           
                                        

    
           
                               

      
  
                       

More recent studies have provided experimental evidence (Peeters and Müller 2010; 

Crounse et al. 2011) and modeling results (Archibald et al. 2010; Stavrakou et al. 2010; 

Stone et al. 2011; Whalley et al. 2011) for the IRO2 isomerization mechanism. However, 

large uncertainties exist, especially the rates of the isomerization reactions. In the original 

theoretical studies, Peeters et al. (2009) reported a rate coefficient for the 1,5-H shift 

isomerization that was approximately 8 – 15 times faster than suggested by da Silva et al. 

(2010). Archibald et al. (2010) implemented the mechanisms and rates from Peeters et al. 

(2009) and suggested a reduction in the 1,6-H shift rate coefficient to be consistent with 

atmospheric observations. Based upon experimental observations, Crounse et al. (2011) 

reported a much slower rate coefficient (by a factor of ~ 50) for the 1,6-H shift 

isomerization that was derived from a measurement of HPALDs, compared to the rates 

coefficients from Peeters et al. (2009) and other later studies (Peeters and Müller 2010; 

Nguyen et al. 2010). Due to the largely enhanced HOx concentrations from the Peeters et 
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al. (2009) mechanism, Stavrakou et al. (2010) had to modify isoprene emissions and 

employ an isoprene sink in their model. In a more recent study, Stone et al. (2011) 

pointed out that the IRO2 unimolecular decomposition mechanism cannot remove the bias 

for both OH and HO2 between simulations and observations. Recent mechanistic studies 

also reduced the rate coefficients of IRO2isomerization reactions to different extents to 

match their observations with classic smog chamber work (Yarwood et al. 2010; Zhang et 

al. 2011). Taken together, the large inconsistency in these studies indicates that further 

study is needed for both the rate coefficients of IRO2 isomerization reactions and new 

HOx recycling chemistry under both low NOx and urban NOx conditions. 

This study compares current mechanisms incorporating the IRO2 isomerization 

chemistry in a box model with outdoor smog chamber isoprene experiments in the 

presence of NOx. Although this mechanism is initially proposed under NOx-free 

conditions, it needs to be tested under a wider range of conditions that include NOx. We 

present simulation results of O3 and HOx as indicators of relative mechanism performance. 

 

3.2 Experimental Section 

Twelve isoprene-NOx experiments (Table 3-1) were performed at the University of 

North Carolina 274 m
3
 dual outdoor smog chamber located in Pittsboro, NC under clear 

natural sunlight. The initial NOx concentration ranged from 23 ppb to 64 ppb for eleven 

experiments and these levels can exist in urban airsheds (National Research Council, 

1991).  

The smog chamber is divided by a Teflon film curtain into two separated sides: one 

side with the volume of 136 m
3
 referred as “North” (N) and the other side with the 

volume of 138 m
3
 referred as “South” (S). Both sides of the smog chamber were vented 

with rural North Carolina background air for 8-9 hours before each experiment started. A 
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subsequent two-hour drying process was performed with a 250 L min
-1

 Aadco clean air 

generator at a flow rate of 6m
3
hr

-1
 to each side. Before each experiment, sulfur 

hexafluoride (SF6) was injected as an inert tracer gas into each side and its concentration 

signal was measured chromatographically with electron capture detection. Nitric oxide 

(NO) was injected into the chambers from high-pressure gas cylinders. Pure liquid 

isoprene (99%, Aldrich, Milwaukee, WI) was then heated and vaporized in a U-tube and 

flushed into the chamber with a nitrogen flow. The measurements of O3, NOx, and 

hydrocarbons in the chambers are described in detail elsewhere (Lee et al. 2004; 

Leungsakul et al. 2005; Hu et al. 2007; Kamens et al. 2010;Zhang et al. 2011). 

 

3.3 Results and Discussion 

3.3.1 Description of incorporated mechanisms 

The Master Chemical Mechanism (MCM, Saunders et al. 2003; Pinho et al. 2005) 

was chosen to be the base mechanism for this work. This mechanism explicitly represents 

the chemistry of isoprene with 583 reactions and is far more complex than CB06 

(Yarwood et al. 2010), which is an engineered mechanism with 28 isoprene reactions. 

ISO-UNC replaces the isoprene chemistry in CB05 with 64 semi-explicit reactions 

(Zhang et al. 2011). 

MCM was altered by using the explicit schemes for the IRO2 isomerization provided 

by Peeters et al. (2009). The temperature dependent rate coefficients based upon Peeters 

and Müller (2010) were used in one version of the modified MCM (MCMiso1). Another 

version of MCM (MCMiso2) used slower rate coefficients that are reported in da Silva et 

al. (2010) and Crounse et al. (2011). All these mechanisms require reversible addition of 

oxygen and the existence of the Z-δ-OH-peroxy isomers. The detailed implementation of 

MCMiso1 and MCMiso2 are listed in the supplemental information. The recent CB6 
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mechanism and the ISO-UNC mechanism both of which employed relatively slower rate 

coefficients compared to the Peeters et al. (2009) work were also compared to the above 

three mechanisms. 

Furthermore, for the fast isomerization mechanism (MCMiso1), the removal 

mechanisms of HPALDs suggested by previous studies (Peeters et al., 2009; Peeters and 

Müller, 2010; Archibald et al., 2010; Stavrakou et al., 2010) have also been examined as 

sensitivity analyses. Thus, six different HPALDs removal mechanisms are tested: (1) the 

explicit photolysis and OH oxidation mechanism of HPALDs discussed in Peeters et al. 

(2009) and Peeters and Müller (2010).The latter study is a following study of the detailed 

mechanism, designated as “PE”; (2) the explicit OH oxidation mechanism discussed in 

Archibald et al. (2010) which keeps the MCM v3.1 mechanism for the product of 

HPALDs photolysis but a detailed reaction scheme for the OH oxidation of 

HPALDs,designated as “A”; (3) a condensed mechanism provided by Peeters and Müller 

(2010) assuming m=1 where m is the stoichiometric coefficient of OH from the net 

photolysis of HPALDs. This study indicate the value of m could be either 1 or 3, 

designated as “PC m=1”; (4) a condensed mechanism provided by Peeters and Müller 

(2010) assuming m=3, designated as “PC m=3”); (5) a condensed mechanism provided 

by Stavrakou et al. (2010) assuming m=1,designated as “S m=1”; (6) a condensed 

mechanism provided by Stavrakou et al. (2010) assuming m=1, designated as “S 

m=3”.The photolysis rates of HPALDs are based on the Peeters and Müller (2010) study. 

In Peeters and Müller (2010) and all the other following studies, the photolysis rates of 

HPALDs were calculated using the absorption cross section of methacrolein, with a 

quantum yield of 1. The photolysis rate of PACLD which is the first-generation of 

HPALD photolysis is even faster. Based on Peeters and Müller (2010), the photolysis rate 

is twice of that of HPALDs. The detailed reactions of the six mechanisms are shown in 
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the supplemental information. 

3.3.2 Simulation performance of the peroxy radical isomerization mechanisms 

Figure 3-1 and Figure 3-2 show example simulation profiles of O3, isoprene, OH, and 

HO2 concentrations using MCM, MCMiso1, and MCMiso2 for experiments JN0411S and 

JN0811S, respectively. The NO and NO2 simulations of these two experiments are shown 

in the supplemental information. The simulations of NO using all three mechanisms in 

both experiments are very reasonable and do not significantly vary within each 

experiment. This is likely because the different isomerization rate coefficients do not have 

significant impact on the main IRO2 + NO channel in each of the mechanisms (reaction 

R1).  

For experiment JN0411S, the MCMiso1 simulated NO curve drops slightly faster 

than the other mechanisms, but this difference is within the range of measurement 

variation. For experiments JN0411S and JN0811S, the initial NOx concentrations are 

similar (28.6 ppb vs. 35.5 ppb), but had very different initial isoprene concentrations (90 

ppbV vs. 921 ppbV). In Figure 1, the O3 profile increases earlier and isoprene decays 

faster with the MCMiso1 mechanism, but the maximum O3 concentrations are 

approximately the same as the other two mechanisms, MCM and MCMiso2. In addition, 

MCMiso1 enhanced the HOx concentration by ~20% compared to the other two 

mechanisms. Overall, however, isoprene, O3, and HOx simulations from the two modified 

MCM mechanisms (especially MCMiso2) behave similarly to the base mechanism for the 

JN0411S experiment, indicating the proposed IRO2 isomerization mechanisms do not 

substantially influence the overall chemistry. This is probably because IRO2 

isomerization pathways (reactions R4 and R5) do not regenerate sufficient HOx when the 

initial isoprene concentration is also low and isoprene/NOx ratio is ~ 3. In contrast, for 

experiment JN0811S (Figure 3-2) with a much higher isoprene/NOx ratio (~ 26), 
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MCMiso1 and MCMiso2 over predict O3 by 75% and 15%, respectively. The two 

modified MCM mechanisms enhance OH estimates by a factor of 2-5 over the base case, 

which is consistent with Archibald et al. (2010). Although the simulations between this 

study and Archibald et al. (2010) were performed under very different conditions in terms 

of the NOx levels and model applicability, similar observations from these two studies 

suggests a general effect due to the isomerization chemistry over different conditions. In 

addition, MCMiso1 raises HO2 estimates by ~ 70% compared to the base mechanism, 

while MCMiso2 shows little change in HO2 predictions over the base case. Also note that 

isoprene decays faster with MCMiso1 in both experiments due to the enhancement of OH 

concentrations. The comparison of these two experiments suggests the likely importance 

of isoprene/NOx ratios and their impact on O3 and HOx simulations, especially when the 

ratio is high. However, one could also argue that it might be the absolute concentrations 

of NOx or isoprene that lead to this result. JN0411S and JN0811S have similar NOx 

concentrations (28.6 and 35.5 ppb) but the simulation performances are substantially 

different suggesting it is not the absolute concentration of NOx that makes the difference. 

Figure 3-3 shows the simulation profiles of O3, isoprene, OH, and HO2 concentrations 

using MCM, MCMiso1, and MCMiso2 for the JN2210S experiment, which has an even 

higher isoprene concentration (~1250 ppbV) than JN0811S, but also has a much higher 

NOx concentration (236 ppb). The isoprene/NOx ratio for JN0811S was ~ 5.3 which is 

closer to JN0411S (3.1) than JN0811s (25.9). All three MCM mechanisms performed 

similarly on JN0811S with respect to O3 and do not show the large O3 enhancements with 

MCMiso1 that are observed for JN0811S. This result suggests that with a higher isoprene 

concentration, the fast isomerization mechanism in MCMiso1does not enhance O3 and 

HOx simulations as much as in the high isoprene/NOx ratio experiment of JN0811S 

experiment. This further supports the idea that it is not absolute concentration of isoprene, 
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but the ratio of the isoprene and NOx that determines the performance of the fast peroxy 

radical isomerization mechanism MCMiso1. The simulation results for all the 

experiments are consistent with these observations and summarized in Table 3-2. Detailed 

model performance for the other experiments is included in the supplemental information. 

3.3.3 O3 over prediction and HOx regeneration using the fast isomerization 

In Figure 3-1, 3-2, and 3-3, the modeled OH concentrations peaked after isoprene is 

completely reacted in JN0811S. This likely suggests that the difference in the 

enhancement at this point (~ 4 pm) in the JN0811S experiment isnot directly related to 

the early-generation isoprene products (i.e., the isomerization of isoprene peroxy radicals). 

However, in addition to the OH regenerated from the peroxy radical isomerization, a 

more important source from smog chamber studies is the photolysis of O3 producing 

O(
1
D) and OH formation from O(

1
D) reacting with water vapor. Initially, due to the fast 

isomerization of isoprene peroxy radicals, simulated O3 is enhanced as we discussed 

above. Hence, the simulated OH is elevated, which canfurther contribute to O3 formation. 

Thus the O3-OH cycle promotes the formation of both compounds. Hence, that the OH 

peak occurs after the isoprene concentration drops to low levels is indirectly related to the 

fast isomerization because the high O3 concentration in the afternoon is initially enhanced 

by the fast isomerization. 

In addition to MCMiso1 and MCMiso2, recent published isoprene photooxidation 

mechanisms (CB6 and ISO-UNC) implemented IRO2 isomerization; however, both used 

moderately lower rate coefficients (Yarwood et al. 2010; Zhang et al. 2011) to fit their 

smog chamber experiments. Figure 3-4 explores the effect of isomerization rate 

coefficients from all the mechanisms on O3 and HOx estimates. The maximum O3 and 

HOx concentrations from the box model predictions are compared to the chamber data 

and the base model (MCM) over the range of experimental isoprene/NOx ratios in Figure 
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3-4 a-c. Figure 3-4a indicates that all four mechanisms predict O3 concentrations fairly 

well except for MCMiso1, in which the over prediction of O3 rapidly increases with 

isoprene/NOx ratios. The HOx estimates of MCMiso1 (Figure 3-4b and 3-4c) are largely 

enhanced compared to the base mechanism when the isoprene/NOx ratio increases (R
2
 = 

0.89 and 0.87, respectively); however, MCMiso2 with a relatively lower isomerization 

rate coefficients shows much less enhancement of HOx levels. The CB6 and the ISO-

UNC mechanism predict HOx similar to the MCMiso2, only with lower OH and higher 

HO2. 

3.3.4 Sensitivity analyses of the removal mechanisms of HPALDs 

As described in Section 3.1, six removal mechanisms of HPALDs have been applied 

to the fast isomerization (MCMiso1) to examine the reason for the over prediction of O3 

and HOx by the fast isomerization. Figure 3-5 and Figure 3-6 represent the sensitivity 

analysis results of JN0411S and JN0811S, respectively. As expected, all the six 

mechanisms perform well for modeling the JN0411S experiment, which has a low 

isoprene/NOx ratio (3.1). However, the six mechanisms show very different simulation 

results for JN0811S which has a higher ratio (25.9) 

The mechanism “A”(Archibald et al., 2010) performs very similar to the base MCM 

v3.1 mechanism and fit the data well mainly because this mechanism does not provide 

extra HOx formation from the product of HPALDs photolysis. Peeters et al. (2009) and 

Peeters and Müller (2010) suggested the photolysis of HPALDs lead to the formation of 

OH and peroxy-acid-aldehydes (PACALD) after isomerization. The PACALDs could 

further photolyze and generate more OH and reactive species like HCHO, glyoxal, and 

methylglyoxal. However, from Archibald et al. (2010), they have the product of HPALDs 

photolysis (HC4ACO3) merged into MCM v3.1, rather than had it isomerize and further 

photolyze. The mechanisms “PC m=1” (used as the MCMiso1 mechanism in Figure 3-1, 
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3-2, and 3-3) (Peeters and Müller, 2010) and “S m=1” perform similarly to each other 

because the condensed mechanisms are only slightly different in the VOC species and 

yields produced from HPALDs. The mechanism “PE”(Peeters et al., 2009; Peeters and 

Müller, 2010) using explicit mechanism predicts O3 and HOxsimilar to the condensed 

mechanisms“PC m=3” and “S m=3” which use the upper bound yields (i.e., m=3) of OH 

from photolysis of HPALDs. The three mechanisms predict the highest O3 and HOx 

simulations because they all form more OH than the other three mechanisms. Comparing 

“A” with “PC m=1” and “S m=1”, they are produce OH at the yield of 1. However, “A” 

has lower O3 simulations than the other two. This is likely due to the further reaction in 

“A” forms relatively unreactive species such as CO, CO2, and hydroxyacetone; however, 

the other two mechanisms form more reactive species such as glyoxal, methylglyoxal, 

and formaldehyde. Overall, the enhanced simulation results in both O3 and HOx are a 

combined effect of regeneration of extra HOx and the formation of reactive organic 

species from the photolysis of HPALDs based on the Peeters et al. (2009) and Peeters and 

Müller, (2010). 

 

3.4 Conclusions and Atmospheric Implication 

This paper studied the isoprene peroxy radical isomerization mechanisms that are 

recently proposed by comparing different chemical mechanistic systems against smog 

chamber data. Unlike most of the existing studies (Peeters and Müller, 2010; Crounse et 

al., 2011) that are performed under NOx-free conditions, this work examined the isoprene 

peroxy radical isomerization mechanisms in the presence of NOx that provides a different 

perspective to view the new proposed mechanisms. 

In the troposphere especially over forested regions where previous studies observed 

large HOx gaps between measurement and model estimates, isoprene/NOx ratio can be 
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much higher than the range investigated in this study. Critical to this entire issue, however, 

is the assumption that atmospheric OH measurements are indeed correct and much higher 

in the regions with abundant isoprene emissions then current models predict. What we 

have found in this study is that as indicated by Stone et al. (2011) and Crounse et al. 

(2011), IRO2 isomerization alone is unlikely to reconcile the discrepancy between 

measured and modeled HOx levels, but the HOx estimates based upon the Peeters et al. 

(2009) mechanism help to reduce this gap. The penalty, however, is this mechanism also 

tends to substantially over predict O3 concentrations and isoprene decay rates. In contrast, 

the other isomerization mechanisms tested in this study with relatively lower rate 

coefficients do not provide the needed enhancement in HOx production, but show better 

O3 agreement at NOx levels that can exist in urban atmosphere. 
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Table 3-1.Initial conditions for conducted isoprene/NOx experiments in the UNC dual outdoor smog chamber. 

 
ID 

isoprene 
concentration 

(ppbV) 

NO 
concentration 

(ppbV) 

NO2 
concentration 

(ppbV) 

NOx 
concentration 

(ppbV) 

Temperature 
(K) 

 
RH 
(%) 

 
isoprene/NOx 

ST0410N 950 29.1 24.6 53.7 291-310 34-99 17.7 

JN0411N 48 18.9 12.6 31.5 286-312 34-80 1.5 

JN0411S 90 26.6 2.0 28.6 286-312 37-85 3.1 

JN0811N 444 25.3 13.3 38.6 293-315 29-91 11.5 

JN0811S 921 22.8 12.7 35.5 293-315 32-96 25.9 

JN0911N 205 21.4 10.2 31.6 293-314 40-92 6.5 

JN0911S 430 10.5 17.7 28.2 293-314 40-92 15.2 

JN1511N 412 37.5 26.4 63.9 284-306 16-44 6.4 

JN2211N 710 11.2 23.6 34.8 293-315 30-96 20.4 

JN2411N 192 17.1 6.1 23.2 293-312 33-92 8.3 

JN2511N 362 15.8 12.4 28.2 291-311 32-92 12.8 

JN2210S 1250 186 50 236 292-313 32-91 5.3 
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Table 3-2.Simulation results for all the performed experiments using MCM mechanisms. 

ID isoprene/NOx 
Relative error compared to 

measured Max O3 (%) 
Simulated Max OH conc (ppb) Simulated Max HO2 conc (ppb) 

  
MCM MCMiso1 MCMiso2 MCM MCMiso1 MCMiso2 MCM MCMiso1 MCMiso2 

ST0410N 17.7 -11.7% 61.6% -0.6% 3.4E-05 1.1E-04 4.4E-05 0.22 0.38 0.23 

JN0411N 1.5 -12.0% -12.5% -21.6% 5.1E-04 5.3E-04 5.5E-04 0.09 0.1 0.07 

JN0411S 3.1 5.0% 2.2% 5.0% 4.2E-04 4.9E-04 4.2E-04 0.09 0.11 0.09 

JN0811N 11.5 9.1% 11.3% 11.0% 2.8E-04 9.0E-04 5.5E-04 0.2 0.3 0.2 

JN0811S 25.9 -9.5% 74.1% 11.7% 4.8E-05 2.6E-04 8.6E-05 0.23 0.39 0.24 

JN0911N 6.5 -6.4% -14.6% -10.5% 1.1E-03 1.6E-03 1.4E-03 0.15 0.2 0.16 

JN0911S 15.2 8.1% 28.1% 20.4% 1.3E-04 7.0E-04 3.0E-04 0.15 0.27 0.15 

JN1511N 6.4 14.2% 24.5% 17.9% 2.0E-04 5.3E-04 3.4E-04 0.19 0.28 0.2 

JN2211N 20.4 -20.3% 43.0% -9.9% 3.5E-05 1.4E-04 4.9E-05 0.19 0.34 0.2 

JN2411N 8.3 -26.9% -23.5% -25.7% 2.0E-04 4.2E-04 2.7E-04 0.13 0.18 0.14 

JN2511N 12.8 -33.2% -10.2% -27.3% 7.1E-05 2.4E-04 1.1E-04 0.15 0.24 0.16 

JN2210S 5.3 -15.4% -8.7% -13.4% 2.0E-04 3.5E-04 2.7E-04 0.34 0.38 0.34 
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Figure 3-1.O3(a), isoprene (b), and HOx (c and d) model comparisonsbetween all three 

mechanisms (MCM.MCMiso1, and MCMiso2) for experiment JN0411S. 
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Figure 3-2.O3(a), isoprene (b), and HOx (c and d) model comparisonsbetween all three 

mechanisms (MCM.MCMiso1, and MCMiso2) for experiment JN0811S. 
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Figure 3-3.O3(a), isoprene (b), and HOx (c and d) model comparisonsbetween all three 

mechanisms (MCM.MCMiso1, and MCMiso2) for experiment JN2210S. 
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Figure 3-4. Ratios of simulated maximum O3 and HOx concentrations to observed 

measurements for O3 or to MCM simulations in the case of HOx. (a) Predicted/Observed 

maximum O3 vs. isoprene/NOx; (b) Predicted/MCM maximum OH vs. isoprene/NOx; 

(c)Predicted/MCM maximum HO2 vs. isoprene/NOx; The red and blue lines in each subplot 

correspond to the linear regressions of the MCMiso1 and MCMiso2 simulation results, 

respectively. 
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Figure 3-5. Sensitivity analysis of the removal mechanisms of HPALDs for (a) O3; (b) 

isoprene; (c) OH; and (d) HO2 under low isoprene/NOx condition (JN0411S). 
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Figure 3-6. Sensitivity analysis of the removal mechanisms of HPALDs for (a) O3; (b) 

isoprene; (c) OH; and (d) HO2 under high isoprene/NOx condition (JN0811S). 
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Photooxidation: Enhancement of 2-Methylglyceric Acid and Its 

Corresponding Oligoesters under Dry Conditions
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4.1 Introduction 

Atmospheric fine aerosols are known to be associated with adverse public health 

effects and global climate change (Hallquist et al., 2009).A large portion (40–50%) of the 

atmospheric fine aerosol massis derived fromsecondary organic aerosol (SOA)materials 

that form from the oxidation of volatile organic compounds (VOCs) (Turpin and 

Huntzicker, 1995; Turpin and Lim, 2001; Cabada et al., 2002). Isoprene (2-methyl-1,3-

butadiene, C5H8) is the most abundant non-methane volatile organic compound (NMVOC) 

in the troposphere, with emission rates on the order of 500–600 Tg yr
-1

 (Guenther et al., 

1995; 2006). Recent studies have shown that SOA formed from isoprene photooxidation 

can substantially contribute to the global atmospheric aerosol burden (Henze and Seinfeld, 

2006; Fu et al., 2008), especially during the summer season (Lewandowski et al., 2008). 

Globally, isoprene-derived SOA is predicted to be 30 to 50% of the total SOA (Hoyle et 

al., 2007; Henze and Seinfeld, 2006).  

Since the first report of isoprene SOA constituents (i.e., 2-methyltetrols) in ambient 

aerosol samples (Claeys et al., 2004a), numerous laboratory studies have followed in 

order to understand the formation mechanisms leading to isoprene SOA in the atmosphere  
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 (Edney et al., 2005; Dommen et al., 2006; Kroll et al., 2005, 2006; Jaoui et al., 2010; 

Surratt et al., 2006, 2007b, 2010). Previous work has examined the effects of nitrogen 

oxides (NOx = NO + NO2) (Kroll et al., 2006; Paulot et al., 2009; Surratt et al., 2006, 

2010) and aerosol acidity (Edney et al., 2005; Surratt et al., 2007b, 2010; Jaoui et al., 

2010; Szmigielski et al., 2010) on isoprene SOA formation. 2-methyltetrols and 2-

methylglyceric acid (2-MG), which now serve as molecular tracers for isoprene SOA 

formation used in source apportionment of ambient aerosol (Kleindienst et al., 2007), 

were detected and confirmed to be major SOA constituents in both field and chamber 

studies under low- and high-NOx conditions, respectively (Claeys et al., 2004b; Edney et 

al., 2005;Surratt et al., 2006, 2010). The SOA formation mechanism under low-NOx 

conditions has been proposed by Paulot et al. (2009) and Surratt et al. (2010); specifically, 

the reactive uptake of isoprene epoxydiols (IEPOX)onto acidic aerosols is key toSOA 

formation from isoprene. Under high-NOxconditions it has been shown that further 

oxidation of methacryloylperoxynitrate (MPAN) leadsto SOA formation from isoprene 

and is enhanced under increasing initial NO2/NO ratios (Surratt et al., 2010; Chan et al., 

2010). However, the key intermediate(s) from MPAN oxidation that lead to SOA 

formation have remained elusive, especially since the MPAN-derived oxidation product 

that was previously proposed by Surratt et al. (2010) is not consistent with the chemical 

ionization mass spectrometry (CIMS) gas-phase data in Chan et al. (2010). 

Enhancements ofSOA mass from isopreneoxidation have been shown to 

correlatewith increasing aerosol acidity (Edney et al., 2005; Surratt et al., 2007b, 2010; 

Jaoui et al., 2010; Szmgielski et al., 2010). In addition to 2-methyltetrol formations, these 

enhancements have been shown to result (in part) due to the formation of isoprene-

derived organosulfates (Surratt et al., 2007a, 2008; Gómez-González et al., 2008). Of 
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these organosulfates, the IEPOX-derived organosulfate has recently been shown to be one 

of the most abundant single compounds in high-altitude aerosol (Froyd et al., 2010).   

In addition to NOx level and aerosol acidity, aqueous-phase chemistry may also play 

a role in isoprene SOA formation (Carlton et al., 2007; Altieri et al., 2008). Isoprene 

oxidation contributes approximately 50and 80% towards the global budgets of glyoxal 

and methylglyoxal, respectively (Fu et al., 2008). Owing to their high water solublities, 

their uptake by aqueous-phase aerosols, followed by oxidation and oligomerization could 

be a significant SOA source (Volkamer et al., 2009; Carlton et al., 2009; Ervens and 

Volkamer, 2010). Recent studies of aromatic systems suggest that glyoxal and 

methylglyoxal oligomers could contribute significantly to the aromatic SOA formation 

under humid conditions; aromatic SOA yields can be a factor of 2 to 5 higher than that 

under dry conditions (Kamens et al., 2011; Zhou et al., 2011). Higher isoprene-derived 

SOA yields under humid conditions were proposed in recent modeling studies (Couvidat 

and Seigneur, 2010); however, the authors indicated experimental confirmation was 

needed. Whether or not the particle-phase aqueous chemistry of glyoxal and 

methylglyoxal is the only pathway that makes a difference under varied RH conditions is 

still unknown. 

Although the roles of NOx, aerosol acidity, and aqueous-phase chemistry on isoprene 

SOA formation have been previously examined, most of the prior chamber studies have 

been conducted under dry conditions (RH < 30%) (Edney et al., 2005; Kroll et al., 2006; 

Surratt et al., 2006, 2007b, 2010). Besides the study of Dommen et al. (2006), no other 

direct laboratory comparisons between low- and high-RH conditions on isoprene SOA 

formation currently exist in the literature. The primary glyoxal and methylglyoxal yields 

of isoprene photooxidation are between 1% and 3% (Orlando, 2010); which are much 

lower than those from the aromatic systems (Calvert et al., 2002). Dommen et al., (2006) 
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observed that the volatility of isoprene SOA was much lower at lower RH compared to 

higher RH conditions, which suggests that another chemical mechanism is operating in 

addition to the aqueous-phase glyoxal and methylglyoxal SOA formation. Therefore, in 

this study we explored the effect of low- and high-RH conditions on isoprene SOA 

formation by using identical initial isoprene and NO concentrations, as well as similar 

environmental conditions, in a large dual outdoor smog chamber. Higher SOA formation 

was observed under dry conditions, suggesting a low-RH favored pathway was 

dominating the formation of isoprene SOA in the presence of initially high-NO conditions. 

 

4.2 Experimental Section 

4.2.1 Chamber experiment 

Two sets of humid-dry experiments were conducted at the University of North 

Carolina 274 m
3
 dual outdoor smog chamber in Pittsboro, NC under clear natural sunlight. 

The experimental facility has been described in previous studies (Lee et al., 2004; 

Leungsakul et al., 2005; Kamens et al., 2011). The smog chamber is divided by a Teflon 

film curtain into two separated sides: a 136 m
3
 side referred as “North (N)” and a 138 m

3
 

side referred as “South (S).” Both sides of the chamber were vented with rural North 

Carolina background air for at least 6 h before each experiment. A subsequent drying 

process was performed with a 250 L min
-1

 Aadco clean air generator at a flow rate of 6 

m
3
h

-1
 to each side of the chamber. Three days of drying was performed in one chamber to 

obtain low-RH conditions; a high-RH chamber was obtained by only using the clean air 

generator for one to two hours. The background aerosol mass concentrations were less 

than 2 µgm
-3

in the humid experiments and less than 0.3 µgm
-3

in the dry experiments. 0.4 

M ammonium sulfate was injected as seed aerosol using a nebulizer before each 

experiment started. After the ammonium sulfate volume concentration stabilized, NO was 
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injected into the chamber from a high-pressure gas cylinder. In all experiments presented 

here, the initial isoprene/NO ratios were ~ 3, resulting in similar initial oxidative 

conditions (i.e., RO2 + NO dominates).  Pure liquid isoprene (99%, Aldrich, Milwaukee, 

WI) was then vaporized and heated in a U-tube and flushed into the chamber with a N2 

flow. The measurements of ozone (O3), NOx, and hydrocarbons from the chamber are 

described in detail elsewhere (Hu et al., 2007; Kamens et al., 2011). 

Particle size distributions and the volume concentrations are measured using two 

different scanning mobility particle sizers (SMPS) (DMA TSI 3081 and TSI 3080) with a 

condensation nuclei counter for each SMPS (CPC, TSI 3022A and TSI 3025A, 

respectively). SMPS measurements were not performed with dried aerosols. The reason 

for not drying aerosols before going through our SMPS system is that the drying process 

could affect the gas-to-particle partitioning of semivolatiles and subsequent particle-phase 

chemistry that could affect the SOA mass yields and chemical composition. However, the 

wall-loss and water uptake were corrected in the following method: 

Given the flow conditions of the SMPS, particles sizes, in counts per cm
3
, are 

recorded in 64 size bins for particles in the 18 to 947 nm size range. This can be 

translated into total particle volumes per cm
3
, and via particle densities to a total 

suspended particulate (TSP in g/m
3
). TSP that is the sum of seed aerosol (which is 

ammonium sulfate (AS) in this work), particle liquid water content (LWC), and SOA: 

TSP = AS + LWC + SOA  (1) 

At the beginning of each experiment, there was no SOA in the chamber, and thus 

initially, 

TSP0 = AS0 + LWC0  (2) 

A relationship between water uptake on ammonium sulfate particles and RH was 

developed from Kamens et al. (2011) based upon previous work (Chan et al., 1992; 
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Kleindienst et al., 1999): 

LWC = AS×f(RH)  (3) 

Here f represents a functional relationship between LWC and RH for 1 µg/m
3
 

ammonium sulfate particle mass concentration. Hence, 

TSP0 = AS0 + AS0×f(RH0) = AS0×[1+f(RH0)]  (4) 

AS0 = TSP0/[1+f(RH0)]  (5) 

Wall-loss rates of particles at different RH in this smog chamber have been 

previously explored (Kamens et al., 2011).With known initial ammonium sulfate seed 

aerosol and their known decay rates under the exact same RH ranges employed in the 

present experiments, the ammonium sulfate particle mass concentration with time can be 

calculated, and thus, LWC can be estimated based upon equation (3). Therefore, SOA in 

the smog chamber can be estimated from the following: 

SOA = TSP – AS – LWC  (6) 

The SOA density for isoprene/NOx system is presumed to be 1.4 gcm
-3

 (Kroll et al., 

2006; Dommen et al., 2006; Ng et al., 2008). 1.77 gcm
-3

and 1.0 gcm
-3

were used as 

densities of AS and LWC during the above correction procedure. 

Background aerosol filter samples were collected several hours before the initiation 

of the experiments; specifically, filters were collected from both the humidified and dry 

sides of the dual chamber under dark conditions, where both sides contained only 

ammonium sulfate seed aerosols. SOA filter sampling was initiated after the aerosol 

volume concentration started to increase and before it reaches maximum value as detected 

by the SMPS. The duration of the background filter sample was one hour at a flow rate 

between 15–20 L min
-1

, and the duration of the SOA filter sample is two hours. The 

volumes of air sampled through each set of filter samples were approximately the same 

(within 1%) for the humid and the dry chambers. Gas-phase samples were also collected 
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and analyzed using GC-FID before each experiment began. Both the GC-FID and 

chemical analysis results (i.e. GC/MS and UPLC/ESI-HR-Q-TOFMS) of background 

aerosol filters indicated that both the humidified and dry chambers were clean and free of 

isoprene SOA constituents. 

4.2.2 Filter sample extraction and analysis 

Borosilicate microfiber filters reinforced with woven glass cloth and bonded with 

PTFE (PALL Life Sciences, 47-mm diameter, 1.0-µm pore size) were collected and each 

filter was extracted in 5 mL of high-purity methanol (LC-MS CHROMASOLV-grade, 

Sigma-Aldrich) by 45 min of sonication. Each 5 mL methanol extract was separated in 

half for further GC/MS and UPLC/ESI-HR-Q-TOFMS analysis. All the methanol extracts 

were blown dry under a gentle N2 stream at ambient temperature (Surratt et al., 2008). 

Blank filters were treated in the same manner as the samples. Chemical analyses of both 

blank and background filters collected from the dual smog chamber before each 

experiment revealed that no isoprene SOA constituents were present. 

Filter extracts were analyzed for polar organic compounds by GC/MS with prior 

trimethylsilylation. Dried residues were trimethylsilylated by the addition of 100 µL of 

BSTFA + trimethylchlorosilane (99:1 (v/v), Supleco) and 50 µL of pyridine (Sigma-

Aldrich, 98%, anhydrous), and the resultant mixture was heated for 1 h at 70 ºC. This step 

converts isoprene SOA containing carboxyl and hydroxyl moieties into volatile 

trimethylsilyl (TMS) derivatives (Surratt et al., 2010). The TMS derivatives were 

analyzed by GC/MS equipped with an electron ionization (EI) source that was operated at 

70 eV (Hewlett 5890 Packard Series II Gas Chromatograph interfaced to a HP 5971A 

Series Mass Selective Detector, Econo-CapTM-ECTM-5 column, 30m × 0.25mm × 0.25µm). 

Details of the operation protocols for the GC/MS technique can be found in Surratt et al. 

(2010). All samples were analyzed by the GC/MS technique within 24 h of 
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trimethylsilylation. 

Polar and acidic compounds found in isoprene SOA were also analyzed by 

UPLC/ESI-HR-Q-TOFMS. Dried residues from filter extracts were reconstituted with 

150 µL of 50:50 (v/v) solvent mixture of 0.1% acetic acid in methanol (LC-MS 

ChromaSolv-Grade, Sigma-Aldrich) and 0.1% acetic acid in water (LC-MS ChromaSolv-

Grade, Sigma-Aldrich). The reconstituted residues were shaken and sonicated for 5 min 

and then stored at –20 ºC before analysis. An Agilent 6520 Series Accurate Mass Q-

TOFMS instrument, equipped with an ESI source operated in the negative (–) ion mode, 

was used to chemically characterize and quantify polar and acidic compounds in the filter 

extracts. Optimum ESI conditions were found using a 3500 V capillary voltage, 100 V 

fragmentor voltage, 62 V skimmer voltage, 300 ºC gas temperature, 10 L min
-1

drying gas 

flow rate, 35 psig nebulizer, 10 psig reference nebulizer, and 35 psig reference mass feed. 

The ESI-Q-TOFMS instrument acquired mass spectra from m/z 63 to 1000. The high 

resolution (i.e., mass resolution was ~ 9,000) and accurate mass capabilities in both MS 

and MS/MS modes make this instrument a powerful tool of structural elucidation of 

unknown SOA constituents. The chromatographic separations were carried out using a 

Waters ACQUITY UPLC HSS (high-strength silica) column (2.1 x 100 mm, 1.8 m 

particle size) at 45 ºC. The mobile phases consisted of eluent (A) 0.1 % acetic acid in 

water (LC-MS ChromaSolv-Grade, Sigma-Aldrich) and eluent (B) 0.1% acetic acid in 

methanol (LC-MS ChromaSolv-Grade, Sigma-Aldrich). The applied 12 min gradient 

elution program was as follows: the concentration of eluent B was 0% for the first 2 min, 

increased to 90% from 2 to 10 min, held at 90% from 10 to 10.2 min, and then decreased 

back to 0% from 10.2 to 12 min. The flow rate and sample injection volume were 0.3 mL 

min
-1

 and 5 L, respectively. Data were acquired and analyzed by Mass Hunter Version 

B.03.01 Build 3.1.346.0 software. At the beginning of each analysis period, the Q-
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TOFMS instrument was calibrated using a commercially available ESI-L low 

concentration tuning mixture (Agilent Technologies), which was composed of a 95:5 (v/v) 

solvent mixture of acetonitrile and water. This external calibration was done in the low-

mass range (m/z< 1700).  Six specific ions were used from the commercial tuning mixture 

during calibration, and include: 112.985587, 301.998139, 601.978977, 1033.988109, 

1333.968947, and 1633.949786 Da. During the chromatographic runs, the Q-TOFMS was 

continually calibrated by the constant injection of the following reference compounds in 

the ESI source: purine, leucine enkephalin, and HP-0921 acetate adduct (Agilent 

Technologies). 

 

4.3 Results and Discussion 

4.3.1 Gas-phase and SMPS results 

To make RH the only significant difference between each set of experiments, almost 

identical gas-phase conditions are required. Table 4-1 lists the two sets humid-dry 

experiments that were performed in the dual outdoor smog chamber. The first set of 

experiments (2010OCT15N and 2010OCT15S) used ~0.4 ppm isoprene, ~0.14 ppm NOx, 

and ~ 10 µg m
-3

 ammonium sulfate seed aerosol as initial conditions; the second set of 

experiments (2010OCT21N and 2010OCT21S) approximately doubled the concentrations 

but kept the initial isoprene/NO ratio (~3) the same as the first set of experiments. In the 

two dry experiments, the RH started at ~40% and decreased to ~15% by midday; for the 

humid experiments, the RH started at ~90%, with no water condensation observed on the 

chamber walls, and dropped to ~40% during the day. Figure 4-1a shows the gas-phase 

measurements obtained from the second set of experiments. Identical O3, NOx and 

isoprene profiles were observed between the dry (North [N]) and the humid (South [S]) 

chambers. 
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Also shown in Figure 4-1a are the SOA mass in the smog chamber (wall-loss 

uncorrected) vs. time presented in particle mass concentration for the humid-dry 

experiments. On 2010OCT21, the dry side started with 29.8 µgm
-3

 of the ammonium 

sulfate seed aerosol, and upon photooxidation, reached a maximum SOA mass 

concentration of 60.2 µgm
-3

, with a SOA yield of 3.0% (±0.66%); the humid side started 

with 25.0 µgm
-3

 of ammonium sulfate seed aerosol, and upon photooxidation, SOA 

peaked at 34.4 µgm
-3

, with a SOA yield of 1.6% (±0.41%). In the other set of experiments 

with relatively lower initial concentrations, the dry side SOA maximum is 17.5 µgm
-3

, 

with a SOA yield of 1.5% (±0.32%), and the humid side SOA maximum is 8.8 µgm
-3

, 

with a SOA yield of 0.7% (±0.20%). As a result, with approximately identical initial 

conditions, isoprene-derived SOA formed under low-RH conditions between 15–40% can 

be a factor of two higher than that formed under high-RH conditions between 40–90%. 

As can be observed from Figure 4-1a, the SOA mass concentrations decreased after 

reaching the maximum growth. These SOA mass decreases are likely due to the following 

possibilities:  (1) Wall losses of particles; (2) Temperature increases observed during the 

course of the experiments could have evaporated semivolatile/volatile organics back into 

the gas phase; (3) Organic peroxides could have formed after the initial NO concentration 

dropped to zero, and as a result, the RO2 + NO gas-phase reactions no longer dominated. 

Instead, since isoprene was still abundant around the time NO dropped to zero (i.e., ~ 500 

ppb of isoprene still remaining), the RO2 radicals that formed from further OH-initiated 

reactions of isoprene likely reacted either by RO2 + RO2 or RO2 + HO2 pathways, 

resulting in organic peroxide formations (ROOR or ROOH types).  Aerosol-phase organic 

peroxides could have resulted and these have been shown to quickly photolyze after 

reaching the peak in aerosol formation in previous chamber studies that examined 

isoprene photooxidation under low-NOx conditions (Kroll et al., 2006; Surratt et al., 
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2006); (4) Finally, heterogeneous oxidation of the aerosol could have resulted in the 

evaporation of organic material from the aerosol phase, as shown in recent studies (e.g., 

George and Abbatt, 2010; Kroll et al. 2009).  The exact cause of these decreases will be 

examined in future work. Figure 4-1b shows the initial particle size distributions of both 

the dry and humid experiments on 2010OCT21. These initial size distributions indicate 

that both sides had a similar number of particles. The other set of experiments had similar 

results and are shown in Appendix C. The error analysis of the maximum SOA mass and 

SOA yield will also be found in supplemental information. 

Comparing the SOA yields under high-NOx conditions found in the present study 

with several previous studies (Kroll et al., 2005; 2006; Dommen et al., 2006), the data in 

this study lie close to the data from Dommen et al. (2006), as shown in Figure 4-2. Note 

that among these four studies, the experiments performed by Dommen et al. (2006) did 

not use initial seed aerosol and the other three studies use ammonium sulfate as seed 

aerosol. As noted by Kroll et al. (2007), SOA yields are relatively lower in the system 

where inorganic seed aerosols are not initially present. This could potentially explain the 

lower SOA yields observed in the Dommen et al. (2006) study. The high-NOxSOA yields 

presented by the Kroll et al. (2005; 2006) studies are relatively higher than this study that 

can be attributed to several reasons: (1) The SOA data reported in this study is not wall-

loss corrected, and thus the SOA yields are likely under predicted, which may explain 

why SOA yields in this study are almost as low as the Dommen et al. (2006) study 

reported, even though seed aerosol was employed in this study; (2) OH radical precursor 

may also affect SOA yield. Kroll et al. (2006) used the photolysis of H2O2 as an OH 

radical source and Kroll et al. (2005) used HONO photolysis to generate both OH radical 

and NO. However, Dommen et al. (2006) used xenon arc lamps to simulate solar light 

and this work was performed under natural sunlight. An extra source of OH radicals 
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could also enhance SOA formation and hence, the SOA yield of the Dommen et al. (2006) 

and this work are relatively lower than the Kroll et al. (2005, 2006) results; (3) 

Systematical conditions such as temperature can be a possible reason as well. It should 

also be noted that the Kroll et al. (2005; 2006) studies were based upon the same chamber 

system except that the Kroll et al. (2005) experiments are performed under 

40%<RH<50%, while the Kroll et al. (2006) experiments are performed under RH<10%. 

From Figure 4-2, the experiments in Kroll et al. (2006) study showed higher yields than 

the similar experiments in Kroll et al. (2005) study. By comparing the two Kroll et al 

studies one may surmise there is an RH effect on isoprene SOA formation, but 

unfortunately these two studies had different sources of OH radicals and NO. This study, 

however, directly addressed RH effects and our observations reinforce the combined RH-

SOA implications of Kroll et al. (2005; 2006). 

Dommen et al. (2006) examined the effect of varying the initial isoprene/NOx ratio 

on SOA formation from isoprene; the specific focus was on examining this effect on SOA 

yields, the presence of oligomers, and on the volatility of the resultant SOA. However, in 

a few circumstances, they examined the effect of varying RH under similar initial 

VOC/NO ratios. One pair of their experiments had an initial VOC/NO ratio of ~7 and in 

another pair of experiments this ratio was ~ 5–6. In both pairs, the dry experiments had an 

RH < 2%, whereas the more humid experiments had an RH of about 53%. The SOA 

yields observed in the drier experiments were found to be higher by a factor of about 2. 

Interestingly, for the experiments that had an initial VOC/NO ratio of about 5–6, the SOA 

was found to have a much lower volatility under dry conditions, which was consistent 

with the observation of oligomeric SOA constituents found in Dommen et al. (2006). 

These results further support our findings. 
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4.3.2 Chemical composition of SOA 

Since the filter sampling volumes (5.82 m
3
 vs. 5.89 m

3
; 6.37 m

3
 vs. 6.44 m

3
) and the 

extraction efficiencies were similar, chromatographic peak areas can be directly 

compared. The experiments of 2010OCT15N and 2010OCT15S that were conducted 

under relatively lower initial concentrations have similar results to the other set of 

experiments but less intense chromatographic peaks, and their associated GC/MS and 

UPLC/ESI-HR-Q-TOFMS results are shown in Appendix C. 

TMS derivatives of the filter extracts were chemically analyzed by GC/MS. Figure 4-

3a compares the total ion chromatograms (TICs) of aerosol filter extracts obtained from 

the low (2010OCT21N)- and the high (2010OCT21S)-RH experiments. The red and blue 

lines represent TICs of low- and high-RH filter extracts, respectively. The two 

diastereoisomeric 2-methyltetrols, which include 2-methylthreitol and 2-methylerythritol, 

had retention times (RT) of 31.1 and 31.9 min, respectively, and have similar 

chromatographic peak areas in both the low- and high-RH chambers. However, the 

chromatographic peak area of 2-MG (RT ~ 21.7 min) was much higher in the dry 

experiment compared to the humid experiment. Also, more peaks were observed between 

35–50 min (associated with oligoesters) in the dry side. In particular, the peak areas of 

diesters derived from the esterification of two 2-MG residues (RT ~ 43–45 min) (Surratt 

et al., 2006; Szmigielski et al., 2007) were higher in the dry experiments by a factor of ~5. 

It is noted from the TIC comparison that an unknown tracer was substantially enhanced in 

the dry experiment (RT ~ 25 min), which has a higher peak area than both the 2-

methyltetrols and 2-MG. The GC/MS EI mass spectrum of this unknown tracer is shown 

in Figure 4-3b.Although we did not observe this unknown tracer on any of our control 

filters, we cannot completely rule out that this unknown tracer is not due to an artifact of 

the GC/MS analyses. Further chemical analyses will be needed to verify if this is a result 
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of a GC/MS artifact. 

Due to the lack of available authentic standards for most isoprene SOA constituents, 

quantification was performed by using a surrogate standard (i.e., meso-erythritol) for the 

2-methyltetrols as well as for the other isoprene SOA constituents observed by the 

GC/MS technique. Table 4-2 shows the quantification results from the GC/MS technique 

for the major SOA components (extraction efficiencies not included). The identification 

of these compounds was based on EI mass spectra (Appendix C) and their consistency 

with previous studies (Edney et al., 2005; Surratt et al., 2006, 2010; Szmigielski et al., 

2007). The relative lower yield of the unknown tracer under low-RH condition for 

2010OCT15N is probably due to the lower initial concentration of isoprene employed 

compared to the higher concentration experiments (2010OCT21N). 

Filter extracts were analyzed by the UPLC/(–)ESI-Q-TOFMS technique and 

quantified for polar and acidic SOA components. Figure4-4 a–h compare the UPLC/(–

)ESI-HR-Q-TOFMS extracted ion chromatograms (EICs) between the low 

(2010OCT21N)- and the high (2010OCT21S)-RHfilter extracts. The red and blue lines 

represent EICs of low- and high-RH filter extracts, respectively. Figure4-4 a–f represent 

comparisons of 2-MG ([M – H]
–
 = 119), the diesters formed from two 2-MG residues ([M 

– H]
–
 = 221), an acidic organic nitrate monomer ([M – H]

–
 = 164), the diesters derived 

from the esterification 2-MG and the acidic organic nitrate monomer ([M – H]
–
 = 266), a 

trimer species formed from the esterification of two 2-MG residues with acetic acid ([M – 

H]
–
 = 263), and a trimer species formed from the esterification of two 2-MG residues 

with formic acid ([M – H]
–
 = 249), respectively. In all the above comparisons, the low-

RH experiment has higher chromatographic peak areas by factors of 2 to 4. The 

oligoesters composed solely of organic nitrate monomers (residues) were likely not 

detected from the UPLC/(–)ESI-Q-TOFMS technique due to the hydrolysis of the –ONO2 
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group(s) into –OH group(s) during sample workup and/or analysis (Sato, 2008). Part of 

the acetate triester (Figure 4-4e) formation could be due to the presence of the acetic acid 

in the mobile phase; however, the detection of the formate triester (Figure 4-4f) indicates 

that this is a real effect and that at least some fraction of the acetate triester is due to 

acetate produced during the oxidation of isoprene (Surratt et al., 2006, 2010). Prior 

studies have also observed and characterized oligoesters containing formate and acetate 

residues in isoprene SOA (Surratt et al., 2006, 2010; Szmigielski et al. 2007; Chan et al., 

2010), which is consistent with the accurate mass data (i.e., elemental compositions) 

obtained in the present study (see Appendix C). Additionally, Angove et al. (2006) have 

observed formate esters from the photooxidation of butadiene in the presence of NOx. In 

addition to the oligoesters, we also observed organosulfates derived from 2-MG (i.e., [M 

– H]
–
 ion at m/z 199) and from IEPOX ([M – H]

–
 ion at m/z 215)) using the UPLC/ESI-

HR-Q-TOFMS technique shown in Figure4-4g and h, respectively. Surprisingly, these 

organosulfates are higher for the humid experiments; the organosulfate derived from 

glyoxal was also observed to be higher in the humid experiments (Appendix C).  

Although previous studies have shown that organosulfates derived from isoprene 

oxidation are enhanced under acidic conditions (Surratt et al., 2007a, b, 2010; Gómez-

González et al. 2008), these studies were conducted primarily under dry conditions (RH < 

30%). Recent studies have shown that aerosol acidity is not always necessary to form 

organosulfates (Galloway et al., 2008; Perri et al., 2010; Nozière et al., 2010); more 

specifically, these studies have shown that organosulfates can form from the irradiation of 

aqueous aerosols that contain sulfate possibly due to radical-initiated reactions in the wet 

aerosols. 

The GC/MS and UPLC/(–)ESI-HR-Q-TOFMS results are consistent in that both 2-

MG and its corresponding oligoesters were enhanced in the low-RH experiments. Based 
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upon the chemical composition analysis, a tentative proposal of the identification of the 

unknown tracer observed in the GC/MS data is possible. The EI mass spectrum of this 

unknown tracer in GC/MS suggests that it has at least one –OH group and a 

trimethylsilylated molecular weight (MW) of 309, which also implies that it contains an 

odd number of nitrate groups due to the odd MW of the TMS derivative.The GC/MS 

retention time of this tracer suggests a C4 or C5 compound, and thus, the number of –OH 

groups is most likely to be two, resulting in the MW of the unknown tracer to be 165. 

Using the UPLC/(–)ESI-HR-Q-TOFMS technique,a compound with a MW of 165 was 

detected as a deprotonated ion and its elemental composition was determined to be 

C4H6NO6
–
 (Figure 4-4c), which is consistent with the GC/MS result. Hence, this 

hypothesized nitrate compound, with a C4 backbone structure, is very similar to 2-MG, 

except that one of the –OH groups is replaced with a –ONO2 group. This hypothesis also 

explains the correlation that when the peak areas of the tracer are high those of 2-MG are 

also high, because a certain fraction of 2-MG may form from the hydrolysis of this 

speculated nitrate monomer. If this is the case, however, the GC/MS mass spectrum 

(Figure 4-3 b) associated with this tracer cannot be fully explained, especially the 

fragment ion observed at m/z 298. It is possible that the unknown tracer is not acidic, and 

as a result, was not detected by the UPLC/(–)ESI-HR-Q-TOFMS technique. Additionally, 

it is possible that the nitrate group of the UPLC/(–)ESI-HR-Q-TOFMS detected MW 165 

compound was trimethylsilylated the same way as the –OH group on 2-MG, and as a 

result, was detected as the same structure as 2-MG by the GC/MS technique; however, if 

the latter was true then the unknown N-containing tracer should not have been observed 

by the GC/MS technique as a considerable peak, especially if it was an organic nitrate 

group.  This suggests that the unknown tracer is more consistent with the hypothesis of a 

C4H7NO6compound. Although C4H7NO6 is the likely composition of this unknown tracer, 
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we cannot completely rule out the possibility that this unknown tracer has a C5H11NO5 

formula. However, if this is the structure of the unknown tracer, it must have one –ONO2 

group and likely two –OH groups. This composition is very hard to argue from known 

gas-phase chemistry of isoprene under initially high-NO conditions. During the 

atmospheric photooxidation or the filter extraction process, –ONO2 groups could be 

hydrolyzed, resulting in the formation an –OH group (Sato et al., 2008). Thus, the 

hydrolyzed compound would be C5H12O3 with three –OH groups, with a MW 120 (or 

MW336 after trimethylsilylation). If this is the case, since the unknown tracer has a huge 

peak area, this hydrolyzed compound should also have a relatively high concentration and 

have been observed directly by GC/MS. However, the only trimethylsilyated compound 

with MW 336 observed by GC/MS is the trimethylsilylated 2-MG, which has a different 

structure from this C5H12O3. By contrast, if the unknown tracer is what we have proposed, 

the hydrolyzed compound is 2-MG, which explains why we did not see another MW 120 

(or trimethylsilyated MW 336) compound by GC/MS analyses. 

Jaoui et al. (2010) reported a similar N-containing SOA tracer under acidic 

conditions in both chamber-generated and ambient organic aerosol using GC/CI-MS, 

which likely had a trimethylsilylated MW of 313. The latter can better explain the 

fragment ion at m/z 298 (fragmentation of a methyl group from the molecular ion) in 

Figure 4-3 b. However, Jaoui et al. (2010) still could not provide a reasonable structure of 

the unknown isoprene tracer. Furthermore, a C4H7NO6 compound is hard to explain by 

the trimethylsilylated MW of 313 observed by Jaoui et al. (2010). If the unknown tracer 

observed by both Jaoui et al. (2010) and in the present study are further proved to be 

identical, the result of the present work will be significant because the unknown tracer 

observed by Jaoui et al. (2010) has been measured in several ambient aerosol samples. 
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To further identify and confirm the structure of this unknown tracer, more advanced 

analytical techniques, such as GC/EI-HR-TOFMS, are needed as well as synthesis of an 

authentic standard. Nevertheless, the chemicalcomposition results obtained in the present 

study already reveal the importance of a C4-preserving pathway (i.e., the further oxidation 

of MPAN leads to 2-MG and its corresponding oligoesters) that leads to the enhanced 

SOA formation from isoprene under low-RH conditions. 

4.3.3 MPAN oxidation and role of organic esterification chemistry 

The detailed gas-phase oxidation reactions of isoprene that lead to the formation of 

MACR and MPAN have been well characterized by previous studies (Paulson et al., 

1992a, b; Bertman and Roberts, 1991; Orlando et al., 2002). The importance of the 

further oxidation of MPAN under high-NOx conditions in leading to the formation of 

isoprene SOA have been demonstrated recently by Surratt et al. (2010) and Chan et al. 

(2010). However, the detailed chemistry following MPAN oxidation that leads to 

isoprene SOA formation, and thus 2-MG and its corresponding oligoesters, remains 

unclear and different intermediate products have been suggested by these previous studies. 

In this paper, we do not have adequate information to validate the structures of the 

previously proposed gas-phase intermediate products; however, it is believed that the 

reactive gaseous intermediate produced by the further gas-phase oxidation of MPAN 

undergoes gas-aerosol partitioning, further reacts in the particle phase, and ultimately 

forms the unknown SOA tracer discussed above from the GC/MS data. Furthermore, this 

unknown reactive intermediate likely undergoes organic esterification in the particle 

phase, which ultimately forms the oligoesters observed by both the GC/MS and 

UPLC/ESI-HR-Q-TOFMS techniques. The formation of oligoesters will reduce the 

monomer concentration in the aerosol phase, and further drive gas-particle partitioning, 

and increase SOA formation. If the unknown SOA tracer observed in the GC/MS data is 
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what we have hypothesized, both the monomer and its oligoesters can be hydrolyzed to 

form 2-MG and its corresponding oligoesters during the experiment and/or the extraction 

process. 

The feasibility of the atmospheric organic esterification process has been 

theoretically studied by Barsanti and Pankow (2006), indicating that ester formation is 

thermodynamically favored and likely to occur if kinetically favored. Since water is a 

product in esterification reactions, lower RH tends to promote ester formation to different 

extents for different carboxylic and dicarboxylic acids. In addition, Dommen et al. (2006) 

examined isoprene SOA formation under NOx conditions but could not explain the 

observed lower volatility of isoprene SOA produced under lower RH conditions (0% vs. 

50%); however, the proposed organic esterification process presented in our study could 

explain the differences in their volatility measurements. 

It is important to also note that 2-MG and its corresponding oligoesters have been 

chemically characterized at the molecular level using GC/MS with prior single 

derivatization (i.e., trimethylsilylation only) or double derivatization (i.e., ethylation 

followed by trimethylsilylation) approaches (Surratt et al., 2006; Szmigielski et al., 2007), 

LC/ESI-MS/MS or LC/ESI-HR-TOFMS techniques (Surratt et al., 2006; Chan et al., 

2010; Nguyen et al., 2011; Sato et al., 2011), and more recently by high-resolution AMS 

(Chan et al., 2010; Sato et al., 2011). The GC/MS with prior single or double 

derivatization approaches have helped to tag the esterlinkages to further support the 

LC/ESI-HR-TOFMS, LC/ESI-MS/MS, and more recently the HR-AMS data.Thus, 

currently, it is very difficult to argue against the identity of these oligomers as oligoesters; 

however, these compounds have not been fully confirmed owing to the lack of authentic 

standards. 

Last, we want to add that the oxidation of other VOCs, such as cyclohexene 
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ozonlysis (Hamilton et al. 2006; Müller et al., 2008), cyclohexene/-pinene ozonolysis 

(Müller et al., 2008), --unsaturated aldehydes (e.g., acrolein, crotonaldehyde, MACR) 

photooxidations under initially high NO2/NO ratios (Chan et al., 2010), and 1,3-butadiene 

photooxidation under high-NOx conditions (Angove et al., 2006; Sato et al., 2011), have 

been shown to lead to oligoesters in the resultant SOA.Most of these prior systems have 

been investigated under dry conditions. 

Particle-phase organic esterification is likely to be an acid-catalyzed process (Surratt 

et al., 2006; Szmigielski et al., 2007), which raises an important question: is acidity 

required in order to enhance SOA formation through the tentatively proposed organic 

esterification pathway? In the present study, the acidity effect is concluded not to 

contribute to SOA enhancements under dry conditions if aerosol acidity is assumed to 

only stem from the atomized ammonium sulfate seed aerosols.  The latter is due to the 

fact that the pH of ammonium sulfate aerosols cannot be lower than 5, which is the 

saturation value, and this value cannot change significantly in the RH regime investigated 

in this study (Xu et al., 1998). However, we cannot rule out the possibility that nitric acid 

(HNO3) absorbed onto aerosols during the course of the experiments, and thus, increased 

the particle-phase acidity needed to drive organic esterification reactions forward.  

Previous work by Lim and Ziemann (2009) found that HNO3 uptake onto organic 

particles might provide the necessary acidity to conduct certain heterogeneous reactions 

(i.e., acid-catalyzed isomerizations of 1,4-hydroxycarbonyls and dihydroxycarbonyls to 

cyclic hemiacetals).  Furthermore, it has been shown that HNO3 absorbs and dissociates 

on hydrophobic organic surfaces (Handley et al., 2007), and as a result, HNO3 could 

likely be a source of acidic protons on SOA and chamber walls. 

In addition, the formation of 2-methyltetrols was not significantly enhanced in the 

low-RH experiments. Surratt et al.(2007b, 2010) and Jaoui et al. (2010) both found under 
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acidic conditions (acidity introduced by either acidic sulfate seed aerosol or injection of 

gaseous SO2) that the 2-methyltetrols as well as the SOA mass were enhanced, but the 

formation of 2-MG remained fairly constant, which is contrary to the results of the 

present study. In this study, the formation of 2-methyltetrols was similar in both the high- 

and low-RH experiments, but the formation of 2-MG (and its corresponding oligoesters) 

increased by as much as a factor of two in the low-RH experiments. These opposite 

results indicate that it is more likely that low RH is playing a major role in accounting for 

the higher SOA yields through the particle-phase organic esterification process under dry 

conditions.Nevertheless, it is also possible that alternative mechanisms can explain the 

enhanced formation of the oligoesters. Further study is needed to confirm the exact 

processes leading to the enhanced formation of 2-MG and its corresponding oligoesters 

under dry conditions. 

 

4.4 Atmospheric Implications and Conclusions 

The unexpected findings presented above suggest that higher MPAN-derived SOA 

yields result from isoprene photooxidation under low-RH conditions. Thus, if the results 

in the present study are further confirmed, isoprene-derived SOA yields in the atmosphere 

could be lower than most of current chamber studies suggest; this would be especially 

true in isoprene-influenced urban areas with high-NOx concentrations because 

atmospheric RH  tends to be higher than most of the previous chamber studies. It is 

important to note that these prior chamber studies are typically used to estimate isoprene 

associated SOA (Surratt et al., 2006, 2007b, 2010; Kroll et al., 2005, 2006). 

Furthermore, the results found in this study are opposite to recent RH effect studies 

on aromatic systems (Kamens et al., 2011; Zhou et al., 2011), suggesting different 

chemical channels for the different SOA precursors. Under varied RH conditions, several 
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possible factors affecting SOA yield have been suggested in this work. The particle-phase 

organic esterification is speculated to have a major role and “drives” the difference of 

SOA yields under the investigated low- and high-RH conditions. Organosulfates, on the 

other hand, have higher yields under humid conditions due to the potential need for 

particle-phase water. Volkamer et al. (2009) and Ervens and Volkamer (2010) 

demonstrated that water uptake of glyoxal and methylglyoxal onto pre-existing aerosols 

contribute to larger SOA mass at higher RH. However, this work proposed a conflicting 

chemical process and the present results indicate that aqueous-phase chemistry of glyoxal 

and methylglyoxal is not the only SOA formation pathway affected by RH. Furthermore, 

in the system of isoprene/NO photooxidation, water uptake of glyoxal and methylglyoxal 

is not as important as the tentatively proposed organic esterification process. Nevertheless, 

it is also possible that the RH difference in this study (i.e. ~ 40%) is not large enough to 

generate a sufficient aqueous-phase SOA difference. In addition, gas-phase yields of 

glyoxal and methylglyoxal can also affect aqueous-phase SOA. Therefore, when the 

initial isoprene/NO ratio and RH difference vary, aqueous-phase SOA may play a more 

important role. In the atmosphere, NOx concentration, acidity, and sulfate conditions are 

highly variable. How these factors affect isoprene-derived SOA yield under different RH 

conditions will be a significant issue in future studies. For example, under low-NOx 

conditions the proposed organic esterification will not be significant whereas the reactive 

uptake of IEPOX will likely yield most of the isoprene SOA (Surratt et al., 2010), and 

thus, the impacts of RH on this latter pathway require further study. Oligomerization of 

glyoxal and methylglyoxal and organosulfate formation are probably both enhanced 

under high-RH conditions, and assuming acidity differences caused by RH is still 

insignificant, SOA yields may be higher under high-RH conditions for low-NOx 

oxidations.  
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Table 4-1. Initial conditions for humid-dry isoprene/NOx experiments conducted in UNC outdoor aerosol chambers
a
. 

ID
b
 

Initial 

[isoprene] 

(ppm) 

Initial 

[NO] 

(ppm) 

Initial 

[NO2] 

(ppm) 

Temperature 

Range (K) 
RH (%) HC/NOx

c
 

Initial AS
d
 mass 

concentration  

(µg m
-3

) 

Max SOA mass 

concentration  

(µg m
-3

) 

2010OCT15N 0.40 0.142 0.009 282 – 299 38 – 15 2.65 10.4 17.5 ± 3.9 

2010OCT15S 0.43 0.138 0.001 282 – 299 88 – 45 3.09 11.8 8.8 ± 2.2 

2010OCT21N 0.79 0.253 0.001 281 – 303 42 – 16 3.11 29.8 60.2 ± 13.5 

2010OCT21S 0.78 0.252 0.001 281 - 303 85 – 40 3.08 25.0 34.4 ± 8.6 
 a
 Outdoor smog chamber temperature varying from 275 to 315 K. 

b
 Experiment identifier in YYYYMMMDDN/S format, where MMM is the 

three-letter month initials, DD is the experiment day, YYYY is the experiment year and N or S represents chamber side in which experiment was 

performed – N: North side, S: South side.
c
 HC/NOx represents the ratio of initial isoprene concentration (in ppmV) over initial NOx 

concentration. “AS” represents ammonium sulfate seed (0.04M (NH)4SO4) that were injected from a aerosol nebulizer. 
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Table 4-2. Mass concentrations of major SOA compounds based on GC/MS results (Unit: 

ng m
–3

). 

 Experiment ID 

Compound 2010OCT15N 2010OCT15S 2010OCT21N 2010OCT21S 

2-MG 17.9 10.1 54.0 28.7 

C5alkenetriols 3.4 1.3 35.5 21.0 

Unknown tracer 4.3 1.5 146.4 8.3 

2-methyltetrols 19.2 13.3 132.2 117.8 

2-MG oligoesters 13.8 2.0 33.8 6.9 
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Figure4-1. (a) Gas-phase measurement of O3, NOx, and isoprene and wall-loss 

uncorrected SOA data. (b) Particle size distributions under low- and high-RH conditions 

when the experiments began. The red dots are data from the North chamber 

(2010OCT21N, low-RH condition); the blue dots are data from South chamber 

(2010OCT21S, high-RH condition). 
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Figure4-2. Summary of SOA yields under isoprene high-NOx conditions reported from 

previous literature and this work as a function of organic mass concentration (ΔM).The 

SOA density was assumed to be 1.35 g cm
-3

 in Kroll et al. (2006) high-NOx conditions. 

The other studies used SOA density of 1.40 g cm
-3

. The temperature in this work varied 

from ~10°C to ~30°C; the temperature in the other studies were stable at 20-22°C. 
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Figure4-3. (a) Comparison of GC/MS TICs of the filter extracts of 2010OCT21N (low-

RH experiment, red lines) and 2010OCT21S (high-RH experiment, blue lines). Important 

isoprene-derived SOA compounds (i.e., 2-MG, the unknown tracer, 2-methyltetrols, and 

2-MG diesters) are labeled. (b) EI mass spectrum associated with the unknown tracer 

peak in (a). 

2-MG  

2-methyltetrols 

2-MG diesters 
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Figure4-4. Comparison of known isoprene SOA constituents produced from isoprene 

oxidation under initially high-NO and high-RH (blue lines) and low-RH (red lines) 

conditions in the presence of neutral ammonium sulfate seed aerosol. For simplicity, only 

one structural isomer is shown. All of the MPAN-derived SOA products (a-f), except for 

g, are found to increase in abundance under low-RH conditions. All of the organosulfates 

derived from isoprene oxidation were found to increase in abundance with increasing RH, 

including the organosulfate derived from IEPOX (h) and also from glyoxal (see Appendix 

C, Figure C-5). ESI-HR-Q-TOFMS accurate measurements show that the elemental 

compositions of these compounds are consistent with the proposed structures (See 

Appendix C, Table C-1).  
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Chapter V 
 

 

Secondary Organic Aerosol Formation from Methacrolein 

Photooxidation: Roles of NOx Level, Relative Humidity, and Aerosol 

Acidity
4
 

 

5.1 Introduction 

 

Fine particulate matter (PM2.5, with aerodynamic diameter < 2.5 m) in the 

troposphere is known to have effects on both public health and global climate change 

(Hallquist et al., 2009).Globally, the largest mass fraction of PM2.5 is generally organic, 

and is mostly dominated by secondary organic aerosol (SOA) formed from oxidation of 

volatile organic compounds (VOCs) (Turpin and Huntzicker, 1999; Cabada et al., 2002). 

Isoprene (2-methyl-1,3-butadiene, C5H8), which is the most abundant non-methane VOC 

emitted into the Earth’s atmosphere (Guenther et al., 2006), has recently become the 

focus of attention in the atmospheric chemistry community as a consequence of its 

recognition as an SOA precursor (Claeys et al., 2004; Edney et al., 2005; Kroll et al., 

2005, 2006; Dommen et al., 2006). Most importantly, modeling studies have estimated 

that isoprene-derived SOA can substantially contribute to the PM2.5 burden on the global 

scale (~ 30 – 50%)(Henze and Seinfeld, 2006; Hoyle et al., 2007; Fu et al., 2008).  

Since the first observation of 2-methyltetrols and C5-alkenetriols by GC/MS methods 

in PM2.5 collected from the Amazon rainforest using GC/MS methods (Claeys et al., 2004; 

Wang et al., 2005), the effects of aerosol acidity, oxides of nitrogen (NOx = NO + NO2), 
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and relative humidity (RH) have been examined in order to gain understanding of the 

detailed isoprene SOA formation mechanisms. In general, initial reaction conditions have 

been reported as levels of NOx. As we described below, however, experiments should be 

described by the initial proportions of NO and NO2 as well as total NOx. First, SOA 

yields
[7,8]

 and compositionsfrom isoprene oxidation were observed to be distinctly 

different under initially high-NOlevels versus low-NO levels (Kroll et al., 2005, 2006; 

Surratt et al., 2006, 2010). Under low-NO conditions peroxy radicals (RO2) 

predominantly react with hydroperoxyl radicals (HO2) to yield gaseous isoprene 

epoxydiols (IEPOX) (Paulot et al., 2009). 2-methyltetrols, C5-alkenetriols, and 

organosulfates from isoprene have been shown to be derived from the reactive uptake of 

gaseous IEPOX onto acidic aerosols (Surratt et al., 2010; Lin et al., 2012). 

However, under initially high-NO conditions, which are representative of urban areas 

and where RO2 + NO gas-phase reactions are predominant, one of the most important 

first-generation oxidation products from isoprene, methacrolein (MACR) (molar yield of 

20-28% from isoprene(Zhang et al., 2011)), has been recognized as a key precursor to 

isoprene SOA formation (Surratt et al., 2006). In addition to being produced from 

isoprene oxidation, MACR is also known to be emitted from anthropogenic activities 

(Biesenthal and Shepson, 1997; Park et al., 2011). This highlights the importance of 

investigating SOA formation from MACR oxidation under urban conditions, where 2-

methylglyceric acid (2-MG) and its corresponding oligoesters were observed to be the 

dominant SOA constituents derived from oxidation of MACR under initially high-NO 

conditions (Surratt et al., 2006; Szmigielski et al., 2007). 

 Aerosol acidity was previously found to enhance SOA formation from isoprene, 

especially under initially low-NO conditions (Edney et al., 2005; Suratt et al., 2007b, 

2010; Jaoui et al., 2010; Szmigielski et al., 2010; Lin et al., 2012); under initially high-
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NO conditions, little effect of seed aerosol acidity on isoprene SOA formation was 

observed (Surratt et al., 2006). It was postulated that the lack of additional acid 

enhancement under initially high-NO conditions was likely due to the large amounts of 

particle accommodated nitric acid (HNO3) from the OH + NO2 gas-phase reaction, and 

thus, the presence of additional acidified sulfate seed aerosols was not necessary to form 

SOA from isoprene oxidation (Surratt et al., 2006, 2010). 

In comparison to the effects of NOx and aerosol acidity, the effect of RH on isoprene 

SOA formation lacks mechanistic understanding and has not been explored until recently. 

Dommen et al. (2006) investigated the effect of RH on isoprene SOA formation under 

high-NOx conditions and observed lower volatility SOA with lower rather than higher RH; 

however, they did not observe significant differences in the SOA yields. Zhang et al. 

(2011) more recently examined the effect of RH on isoprene SOA formation with 

constant initial isoprene/NO ratios (~ 3) and found substantial enhancement (~50%) of 

SOA formation under lower RH conditions. Based upon detailed chemical analyses, 2-

MG and its corresponding oligomers were all enhanced under lower RH conditions. A 

subsequent study by Nguyen et al. (2011) using an initial isoprene/NO ~ 0.4 supported 

the enhancement of these oligomers under dry conditions; however, they did not observe 

differences in the SOA yields when comparing dry and humid conditions. Regardless of 

the differences in the photochemical systems between these studies, they all observe 

enhancement of MPAN-derived oligomers with lower RH (Zhang et al., 2011; Nguyen et 

al., 2011). However, these studies are not consistent concerning the SOA yields affected 

by RH. It should be noted that in these high-NOx studies experiments were performed at 

different initial NO levels (or different VOC/NO ratios). Chan et al. (2010) recently 

demonstrated that varying initial NO2/NO ratios result in different SOA yields from 

isoprene oxidation. When the initial NO2/NO ratio is high, the formation of MPAN is 
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favored from MACR oxidation, and as a result, more SOA is formed from isoprene; 

however, when the initial NO2/NO ratio is low, less MPAN is formed, and thus, SOA 

yield is lower since the RO2 + NO chemistry dominates, providing an opportunity for RO 

radicals to decompose into more volatile products. Thus, these studies suggest that the 

effects of RH on isoprene SOA formation are very likely mediated by competing 

chemical channels due to differences in the initially employed NO and NO2 levels. It 

should also be noted that both Dommen et al. (2006) and Nguyen et al. (2011) did not use 

initial seed aerosol, and thus, SOA formation was initiated via nucleation. As a result, the 

aerosols had a low liquid water content (LWC) because organic aerosols likely do not 

take up significant amounts of water (Vartiainen et al., 1994; Jang and Kamens, 1998; 

Kleindienst et al., 1999), whereas Zhang et al. (2011) used pure ammonium sulfate as 

initial seed aerosol that provided substantial LWC on the particles under high RH. This is 

a plausible explanation for the varied SOA yields from prior studies. 

In addition to the studies directly focusing on the effect of RH on isoprene SOA 

formation, a number of studies have been conducted to investigate SOA formation in the 

aqueous phase of aerosols (Liggio et al., 2005; Volkamer et al., 2007; Ervens et al., 2011; 

Nakao et al., 2011; Liu et al., 2012). For particles with high LWC, volatile water-soluble 

compounds, such as glyoxal and methylglyoxal, can heterogeneously uptake into wet 

aerosols and further react forming aqueous-phase SOA (Liggio et al., 2005; Hastings et 

al., 2005; Kroll et al., 2005; Volkamer et al., 2007; Sareen et al., 2011; Ervens et al., 

2011). The SOA formed from aqueous-phase uptake of glyoxal and methylglyoxal has 

been suggested to comprise a significant proportion of aromatic SOA (Kamens et al., 

2011; Zhou et al., 2011). Isoprene photooxidation in the presence of NO also produces 

glyoxal and methylglyoxal, although the yield of glyoxal is lower from isoprene (~ 0.3–

2.1%) (Volkamer et al., 2006; Fu et al., 2008; Galloway et al., 2011) compared to 
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monocyclic aromatics (~ 3–38%, depending on the monocyclic aromatic precursor) 

(Nishino et al., 2010). Nonetheless, aqueous-phase SOA formed from isoprene 

photooxidation products is also likely to be influenced by RH. 

Recent laboratory and field studies have demonstrated that organosulfates are an 

important class of SOA species, especially for biogenic SOA (Iinuma et al., 2007a, b, 

2009; Surratt et al., 2007a, b, 2008, 2010; Altieri et al., 2009; Froyd et al., 2010; Darer et 

al., 2011; Hatch et al., 2011a, b). Previous studies suggested that the formation of 

isoprene-derived organosulfates were enhanced with higher seed aerosol acidity (Surratt 

et al., 2007a, b, 2010; Gómez-González et al., 2008). However, recent studies have 

reported that organosulfates can also be produced from irradiation of either aqueous-

phase aerosols or ambient aerosol containing solely sulfate, indicating that strong aerosol 

acidity is not necessary to form organosulfates in atmospheric aerosol (Perri et al., 2010; 

Nozière et al., 2010; Worton et al., 2011). Moreover, we have recently observed more 

isoprene-derived organosulfates under wet conditions (Zhang et al., 2011) when using 

only pure ammonium sulfate seed aerosols. Note that all the organosulfate species 

observed in our prior study (Zhang et al., 2011) are directly derived from the further 

reactions of water-soluble compounds, such as glyoxal, methylglyoxal, and IEPOX. 

These recent results suggest that wet aerosol is also likely to enhance the formation of 

isoprene-derived organosulfates, and as a result, this parameter might be more influential 

than high aerosol acidity. 

Owing to the uncertainties in the detailed chemical mechanisms leading to SOA 

formation from isoprene oxidation under initially high-NO conditions, the present work 

examines SOA formation from isoprene initiated by the oxidation of MACR under 

varying initial NO levels, aerosol acidities, and RH conditions. The complexity of the 

system was reduced in this way and the effects of RH on isoprene SOA formed under the 
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low-NO limit were avoided (i.e., no IEPOX was formed from isoprene once the NO level 

approaches zero due to the photochemical conversion of NO to NO2). Based upon current 

understanding, the only chemical channels that appear to form isoprene SOA under 

initially high-NO or high-NO2 conditions are likely MPAN-derived chemistry (Chan et al., 

2010; Surratt et al., 2010) and aqueous-phase chemistry of water-soluble organics 

(Volkamer et al., 2007; Sareen et al., 2010; Ervens et al., 2011). Concerning the 

inconsistencies of previous findings, varying initial VOC/NO ratios were used to examine 

the combined effects of initial NO level and RH in forming SOA. The effect of aerosol 

acidity was also investigated to compare total SOA formation as well as detailed SOA 

constituents. Mass spectrometric techniques, including GC/MS with prior derivatization 

and UPLC/ESI-HR-Q-TOFMS, were utilized to chemically characterize the composition 

of SOA produced from MACR photooxidation. These data were used to provide insights 

into the chemical mechanism yielding SOA from isoprene oxidation under initially high-

NO conditions. 

 

5.2 Experimental Section 

5.2.1 Chamber experiments 

Nine sets of experiments, including six sets of MACR wet-dry experiments, one set 

of MACR aerosol acidity experiments, and two sets of isoprene wet-dry experiments, 

were conducted at the University of North Carolina 274 m
3
 dual outdoor smog chamber 

in Pittsboro, NC under clear natural sunlight. All experiments conducted are summarized 

in Table 5-1. The experimental chamber has been described in detail elsewhere (Lee et al., 

2004; Leungsakul et al., 2005; Kamens et al., 2011; Zhang et al., 2011). Briefly, the smog 

chamber is divided by a Teflon film curtain into two individual chambers: a 136 m
3
 

chamber referred as “North (N)” and a 138 m
3
 chamber referred as “South (S).” 
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Both chambers were vented with rural North Carolina background air for at least 6 h 

before each experiment, followed by a drying process with a 250 L min
-1

 Aadco clean air 

generator at a flow rate of 6 m
3
 h

-1
. Three days of drying was performed for one chamber 

to obtain low-RH conditions (<30%); the other chamber was only dried for one to two 

hours to maintain high RH and to ensure that there is no water condensation on the 

chamber walls. Both the RH and the temperature are influenced by ambient conditions 

and cannot be directly controlled. Table 5-1 lists the RH and temperature ranges during 

each experiment. When an experiment began in the morning, the temperature is low and 

the RH is high. As temperature increased during the day, the RH dropped to minimum 

around noon. The experiments were conducted in different months (from August to 

November), and thus the temperature ranges varied between experiments. However, 

comparisons within each pair of experiments on the same day are unaffected by 

differences in meteorology, and thus, can be directly compared owing to the dual 

chamber design. The background aerosol mass concentrations were less than 2.0 µg m
-3

 

in the wet experiments and less than 0.2 µg m
-3

 in the dry experiments. Before each 

experiment, seed aerosols were introduced into the chamber by nebulizing 0.06 M 

(NH4)2SO4 (aq) solution (wet/dry experiments), or 0.6 M MgSO4 + 0.6 M H2SO4 (aq) 

solution (aerosol acidity experiments) into the chamber. NO was injected into the 

chamber from a high-pressure gas cylinder as soon as seed aerosol volume concentrations 

stabilized. Small amounts of NO were rapidly converted to NO2 by ambient O3 (~ 20 – 70 

ppb) in the chamber. High-purity liquid MACR (95%, Aldrich) or isoprene (99%, Aldrich) 

were then heated in a U-tube and flushed into the chamber with a N2 flow. Isoprene and 

MACR were measured using a GC/FID described in prior studies (Kamens et al., 2011; 

Zhou et al., 2011; Zhang et al., 2011). Varied initial VOC/NO ratios (0.3 – 4.1) were used 

for different experiments. 
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Particle size distributions and the volume concentrations were measured using a 

scanning mobility particle sizer (SMPS) (TSI 3080) with a condensation particle counter 

(CPC) (TSI 3022A). Details of the SMPS measurement and subsequent off-line data 

processing can be found in Zhang et al. (2011). Briefly, SOA volume was calculated 

based upon estimated inorganic seed aerosol volume and LWC volume subtracted by the 

total aerosol volume provided by the SMPS. The volume of inorganic seed aerosol in the 

chamber at different times was calculated from its initial volume and decay rate which 

was previously determined; the volume of LWC at different times was estimated based 

upon the inorganic seed aerosol volume and RH. Previous work has developed the 

relationship between LWC on ammonium sulfate particles and RH (Chan et al., 1992; 

Kleindienst et al., 1999; Kamens et al., 2011). 

In selected experiments, background filter samples were collected from both 

chambers after seed aerosols were injected. SOA filter sample collections were initiated 

when the aerosol volumes stabilized after reaching its maximum level at a flow rate ~ 17 

L min
-1

. Filters collected from all chamber experiments were immediately stored in a 

freezer at ~ –20°C until the time of extraction and chemical analysis. 

5.2.2 Ambient aerosol sample collection 

Ambient PM2.5 samples were collected during the 2008 August Mini-Intensive Gas 

and Aerosol Study (AMIGAS). The Southeastern Aerosol Research and Characterization 

(SEARCH) network served as the operating platform for the 2008 AMIGAS campaign; 

specifically, PM2.5 samples were collected from the urban Atlanta, GA (at Jefferson Street 

(JST)), and rural Yorkville, GA (YRK), sites. Detailed description of the sampling sites, 

aerosol sampling, and collocated gas- and particle-phase measurements are given by 

Hansen et al. (2003) and Edgerton et al. (2005, 2006, 2007, 2009). In the present study, 

only PM2.5 samples collected from the JST site were chemically characterized by GC/MS 
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with prior derivatization and by UPLC/ESI-HR-Q-TOFMS. The JST site was chosen for 

the present study since isoprene emissions are dominant during the summer time and the 

NOx level is generally higher at this site compared to the YRK site. The AMIGAS 

campaign was conducted from August 1 to September 15, 2008. Day (10 a.m. to 6 p.m., 

local time) and night (10 p.m. to 6 a.m., local time) segregated PM2.5 high-volume quartz 

filter samples (Whatman, quartz microfiber, 20.3 x 25.4 cm) were collected daily from 

JST. A select number of filters (Table 5-2) were chemically characterized for the present 

study; these filters were selected based on their high mass loading and high NO2/NO ratio 

(average NO2/NO ~3 – 24). The ambient filter samples were extracted and analyzed using 

the same approach as we employed for the chamber filter samples in order to confirm 

atmospheric relevance of our chamber results. 

5.2.3 Filter sample extractions and chemical analyses 

Borosilicate microfiber filters reinforced with woven glass cloth and bonded with 

PTFE (PALL Life Sciences, 47-mm diameter, 1.0-µm pore size) were used in collecting 

chamber-generated MACR SOA. 5 µL of 100 ppm keto-pinic acid was added to each 

filter as an internal standard (IS). All filters, including lab blanks, chamber backgrounds, 

experimental samples, field blanks, and field samples, were extracted in 10 mL of high-

purity methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) by sonication for 45 

min. All the methanol extracts were then blown dry under a gentle N2 stream at ambient 

temperature.
[48]

 Soot particles and quartz fibers for all filter extracts were removed using 

procedures outlined in Surratt et al. (2008) and Gao et al. (2006). 

For the GC/MS analysis, dried residues were trimethylsilylated by the addition of 100 

µL of BSTFA + trimethylchlorosilane (99:1 (v/v), Supelco) and 50 µL of pyridine 

(Sigma-Aldrich, 98%, anhydrous), and the resultant mixture was then heated for 1 h at 70 

ºC. SOA compounds that contain carboxyl and hydroxyl moieties are converted into 
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volatile trimethylsilyl (TMS) derivatives that can be detected by GC/MS (Surratt et al., 

2010). The details of the GC/MS technique and the operation procedures can be found in 

Zhang et al. (2011). 

For the UPLC/ESI-HR-Q-TOFMS analysis, dried residues from filter extracts were 

reconstituted with 150 µL of 50:50 (v/v) solvent mixture of 0.1% acetic acid in methanol 

(LC-MS ChromaSolv-Grade, Sigma-Aldrich) and 0.1% acetic acid in water (LC-MS 

ChromaSolv-Grade, Sigma-Aldrich). The resultant mixtures were then shaken and 

sonicated for 5 min and then stored at –20 ºC before analyses. The detailed description of 

the UPLC/ESI-HR-Q-TOFMS technique and operating conditions can also be found in 

Zhang et al. (2011). 

 

5.3 Results and Discussion 

5.3.1 Effect of initial MACR/NO ratios on SOA mass at varying RH conditions 

Table 5-1 lists the nine sets of experiments that were performed in the dual outdoor 

smog chamber. For each pair of MACR wet (W) –dry (D) experiments (Experiments 1-6), 

similar initial gas-phase conditions were used, making RH the only significant variable 

within each pair of experiments. Three different initial VOC/NO ratio conditions (~ 1.7 – 

2.9, 0.9, and 0.4) were used. Noticeable SOA formation was observed under the first two 

VOC/NO conditions. Figure 5-1a shows the SOA mass concentration-time profile 

together with the time profiles of the mixing ratios for major gaseous species (O3, NO, 

NO2, and MACR) measured from both the wet and dry experiments under the highest 

initial VOC/NO (~2.7) condition. A similar plot for the medium initial VOC/NO (~0.9) 

condition is shown in Figure 5-1b. The comparisons of gas-phase species in both Figure 

5-1a and b indicate that the gas-phase conditions are similar between each wet-dry 

experimental pair during the entire photooxidation process. Appendix D provides the 
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initial size distributions of seed aerosol between the wet and dry experiments 

corresponding to Figure 5-1a and b, respectively. However, the SOA mass concentrations 

are distinctly different. When the initial VOC/NO ratio is at its highest (Experiments 1 

and 2), SOA formation is generally higher and largely enhanced under dry conditions. 

This result is consistent with our earlier finding of RH effects on isoprene SOA 

formation.
[25]

 When the initial VOC/NO ratio is close to 1 (Experiments 3 and 4), much 

less SOA mass was produced compared to Experiments 1 and 2. As the final SOA mass 

concentrations were similar between the wet and dry experiments, SOA was found to be 

formed earlier and faster in the wet experiments (Figure 5-1b), and the SOA mass 

concentration in the wet experiment reached its peak quickly and then stabilized. When 

the initial VOC/NO ratio was at its lowest (Experiments 5 and 6), negligible SOA 

formation was observed under either RH condition. 

In addition to the MACR experiments, two sets of isoprene wet-dry experiments were 

also performed (Experiments 8 and 9). The initial VOC/NO condition used in one 

experimental pair (Experiment 8) was the same as that employed by Zhang et al.,(2011) 

resulting in exactly the same observation (Figure 5-1d). Another set of experiments 

(Experiment 9) was performed at an initial isoprene/NO ~ 0.3, in which negligible SOA 

formation was observed under either dry or wet conditions.  

Under the lowest initial VOC/NO conditions for both MACR (Experiments 5 and 6) 

and isoprene (Experiment 9), negligible SOA formation was observed likely owing to the 

fact that the formation of MPAN is suppressed and delayed with higher initial levels of 

NO. The acyl peroxy radicals produced from MACR oxidation through H-abstraction by 

OH radicals react primarily with NO, forming more volatile compounds such as 

formaldehyde, carbon monoxide, and carbon dioxide (Orlando and Tyndall, 1999); the 

acyl peroxy radical can also react with NO2 and form MPAN. It has been demonstrated 
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that the formation of MPAN, as well as the MPAN-derived SOA, are largely enhanced 

with higher NO2/NO ratios (Chan et al., 2010). In Figure 5-1a andd (Experiments 1 and 8), 

NO concentrations approached zero in less than two hours. At the time NO approaches 

zero, there were still abundant levels of parent VOC present in the chamber. Furthermore, 

SOA mass concentrations dramatically increased at this time, suggesting that substantial 

production of MPAN and its subsequent oxidation lead to the observed SOA formation. 

As a result of the latter, the freshly formed SOA had a long time to age and oligomerize 

before termination of each experiment at night. In Figure 5-1b (Experiment 3) however, 

NO did not approach zero until the afternoon when most MACR had reacted. Thus, the 

MPAN formation was likely delayed and the resultant SOA composition was potentially 

different from Experiment 1. The initial increase of SOA in the wet experiment might be 

due to the aqueous-phase uptake of water-soluble organic compounds, such as 

hydroxyacetone and methylglyoxal, which are first-generation products of MACR 

photooxidation (Orlando and Tyndall, 1999). As a result, the complexity of SOA 

formation under varying initial VOC/NO conditions between the wet-dry experimental 

pairs clearly suggests more than one SOA-forming channel can be affected by RH and 

detailed chemical characterization of the SOA composition is required. For the MACR 

experiments with observable SOA formation, filter samples were collected and analyzed 

using both UPLC/ESI-HR-Q-TOFMS and GC/MS techniques. Two classes of SOA 

constituents were analyzed in detail: 2-MG and its corresponding oligomers as well as 

MACR-derived organosulfates. These are discussed in detail in Sections 5.3.3 and 5.3.4. 

5.3.2 Effect of seed aerosol acidity under wet conditions on SOA mass 

Both RH and aerosol acidity have been reported to enhance formation of 

organosulfates (Surratt et al., 2007a, b, 2010; Perri et al., 2010; Nozière et al., 2010; 

Zhang et al., 2011). Since most chamber studies comparing neutral and acidic seed 
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aerosol have been performed under dry conditions, we performed chamber experiments 

under wet conditions with seed aerosols of different acidities. In this manner, we 

attempted to separate the effects of LWC and seed aerosol acidity to determine which was 

the more important parameter in forming organosulfates. Acidic (Experiment 7A) and 

neutral (Experiment 7N) seed aerosol were used under wet conditions (~ 60-70% RH). A 

relatively high initial VOC/NO (~ 1.6) was selected to produce adequate SOA mass. Both 

the neutral and acidic seed aerosol experiments (Experiments 7N and 7A) produced 

identical SOA mass concentration profiles over the entire photochemical time period 

(Figure 5-1c). This result is similar to the isoprene high-NO experiments conducted by 

Surratt et al. (2006), but here we examine the effect of acidity starting with MACR 

directly under more humid conditions. Although seed aerosol acidity appears to have 

negligible effect on total SOA mass concentration from MACR photooxidation, the 

detailed SOA composition, especially for MACR-derived organosulfates, might still be 

affected.Therefore, chemical analysis as described in subsequent sections is required for a 

definitive conclusion with respect to the effects of acidity. 

5.3.3 Formation of 2-MG and its corresponding oligomers 

2-MG has been previously observed in both chamber-generated and ambient organic 

aerosol using GC/MS and LC/ESI-MS techniques (Claeys et al., 2004b, Edney et al., 

2005; Surratt et al., 2006; Szmigielski et al., 2007; Chan et al., 2010; Zhang et al., 2011). 

In addition to the 2-MG monomer, oligomers based on the 2-MG monomer have also 

been observed and most of them have been characterized as esters (or oligoesters) (Surratt 

et al., 2006, 2010; Szmigielski et al., 2007, Chan et al., 2010; Zhang et al., 2011; Nguyen 

et al., 2011). These oligoesters of 2-MG appear to incorporate other distinct monomeric 

units, such as an inorganic acid (nitric acid) or carboxylic acids other than 2-MG known 

to be formed from MACR oxidation, including formic, acetic, pyruvic, and methacrylic 
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acids (Liu et al., 2009; Paulot et al., 2009, 2011). One possible explanation for the 

heterogeneity in oligomer composition is that acids react with an as yet unidentified 

intermediate to initiate formation of particle-phase oligomers observed in this work.    

Figure 5-2 shows the abundances of 2-MG and its corresponding oligomers (6 series, 

24 compounds) observed by UPLC/ESI-HR-Q-TOFMS for Experiment 1. The 

abundances have been normalized by sampling volumes (in units of m
3
) for each filter in 

order to make each directly comparable under the dry and wet conditions. Most of these 

SOA constituents are higher under the dry condition by a factor of 2 or more. This finding 

is consistent with our earlier RH study of isoprene/NO photooxidation and further 

confirms that the formation of oligomers derived of 2-MG are enhanced under dry 

conditions, requiring the further oxidation of MACR (Zhang et al., 2011). Detailed 

chemical mechanisms explaining the formation of these oligomers and their enhancement 

under dry conditions remain unclear; however, RH appears to be a necessary parameter to 

consider and it also might provide clues into the reaction intermediates required to form 

these compounds. Previous work has tentatively suggested that organic esterification 

could be responsible for the behavior illustrated in Figure 5-2 (Zhang et al., 2011; Nguyen 

et al., 2011); however, organic esterification of an acid with an alcohol usually occurs 

under elevated temperatures with an acid as the catalyst with the elimination of water 

(Otera and Nishikido, 2010), and thus, is probably not operative under the conditions in 

this study. Alternative mechanisms must explain the formation of these compounds. As 

discussed above, one possibility is involvement of an as yet unidentifiedreaction 

intermediate from the oxidation of MPAN which is the precursor of both the 

heterogeneous 2-MG esters and the oligomers (Surratt et al., 2010). 

Figure 5-3 presents the normalized abundances of 2-MG and its corresponding 

oligomers observed by UPLC/ESI-HR-Q-TOFMS in Experiment 3. Consistent with the 
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SOA mass concentration results, the SOA constituents are present in lower abundances 

than observed in Experiment 1. Nevertheless, dry conditions yielded significantly higher 

levels of oligomeric species relative to wet conditions, under which little oligomerization 

occurred.  However, in contrast to Experiment 1, more SOA constituents comprised of a 

single C4H6O3unit (n=0) are formed under wet than dry conditions (Figure 5-3a, c, d, e, 

and f). Possible explanations for this observation might be: (1) In Experiment 3 with 

higher initial NO, RO2 + NO reactions dominated, and thus, the production of volatile 

compounds are favored; (2) the formation of MPAN was suppressed and less 2-MG was 

produced owing to the dominance of RO2 + NO reactions; (3) highly water-soluble 

compounds (i.e. the carboxylic acids) are more concentrated on the wet aerosols; (4) the 

initial high-NO experiments did not provide enough time for monomer SOA to 

oligomerize, especially for the wet experiment. These hypotheses can be supported by the 

comparison between Experiment 1 and 3. The extents of oligomerization under either the 

wet or dry condition in Experiment 3 are much lower compared to Experiment 1 based on 

UPLC/ESI-HR-Q-TOFMS results. In addition, the sum of C4H6O3unitsin all the 

oligomers is still more abundant under lower RH in Experiment 3D. 

Although Experiments 7A and 7N produced similar total SOA masses, the explicit 

SOA composition may still be different. The normalized abundances of 2-MG and its 

corresponding oligomers compared between the acidic seed (7A) and the neutral seed (7N) 

experiments are shown in Figure 5-4. The results indicate that initial seed aerosol acidity 

does not have a significant effect on the formation of these oligomers. It should be 

restated here that these two experiments were performed under high RH conditions (~ 60-

80% RH all day), and thus, little oligomerization was observed. 

The tandem mass spectra (MS
2
 spectra) of the 6 major oligomeric species containing 

at least two 2-MG units (m/z 221, 266, 249, 263, 291, and 289) are interpreted in Figure 
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5-5. The oligomeric species in Figure 5-5 b-f likely arise from reaction of nitric, formic, 

acetic, pyruvic, and methacrylic acids, respectively. Consistent with work by Surratt et al. 

(2006) and Szmigielski et al. (2007),all MS
2
 spectra contain a product ion at m/z 119 

corresponding to deprotonated 2-MG, confirming 2-MG as one of the major repeating 

units of the oligomeric backbones. The oligomeric species in Figure 5-5a (parent ion m/z 

221) is attributed the diester of 2-MG, which is consistent with Surratt et al. (2006). 

Furthermore, the neutral loss of 102 Da is consistent with prior work (Surratt et al., 2006), 

establishing the presence of 2-MG oligomers in the SOA collected from the present 

chamber experiments. 

Although the GC/MS technique detects fewer SOA components from MACR 

photooxidation, it is helpful in confirming the UPLC/ESI-HR-Q-TOFMS results as well 

as in detecting non-acidic compounds. It is likely that the trimethylsilylation procedure 

and high temperatures of the GC/MS break down high-MW oligomers into smaller units. 

Comparison of GC/MS data from Experiments 1, 3, and 7 are presented in Figure 5-6 a, b, 

and c, respectively. The mass spectra of both trimethylsilylated 2-MG and its 

corresponding diester (see Appendix D) have been analyzed in detail (Szmigielski et al., 

2007), and SOA constituents in this work are identified by comparison with the published 

data. Comparison of the wet and dry experiments (Experiments 1 and 3) as well as the 

acidic and neutral seed aerosol experiments (Experiment 7) are consistent with the results 

from UPLC/ESI-HR-Q-TOFMS. As expected, 2-MG is more abundant under the dry 

conditions in Experiment 1 than under the wet conditions in Experiment 3. Additionally, 

the diester of 2-MG is also more abundant under the dry conditions in both experiments 

and its formation under the wet conditions in Experiment 3 is negligible. 2-MG in 

Experiment 7A and 7N are of similar abundance. 
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5.3.4 Formation of isoprene-derived organosulfates 

Organosulfates derived from isoprene and MACR photooxidation have been 

analyzed by UPLC/ESI-HR-Q-TOFMS in the negative ion mode. We have shown 

previously that all isoprene-derived organosulfates were enhanced under wet conditions 

(Zhang et al., 2011). In the present work, we also find that all MACR-derived 

organosulfates are enhanced under wet conditions (Figure 5-7a andb).  Many of the 

organosulfates identified in the MACR studies were observed in the isoprene SOA 

samples, indicating that MACR oxidation is likely the source of these compounds. The 

ions observed at m/z 153 (C3H6O5S
–
), 169 (C3H6O6S

–
), 199 (C4H8O7S

–
), and 301 

(C8H14O10S
–
) correspond to the organosulfates likely derived from hydroxyacetone, 

methylglyoxal, 2-MG and the 2-MG dimer, respectively, as reported by Surratt et al. 

(2008). Hydroxyacetone and methylglyoxal are both low molecular-weight water-soluble 

organics that were likely present in wet sulfate aerosols, and as a result, form 

organosulfates, as demonstrated by our wet experiments. It should be noted that,through 

synthesis, lactic acid has recently been demonstrated as the likely source of the 

organosulfate reported at m/z 169 (Olson et al., 2011).Lactic acid sulfate has been 

observed in urban locations from the United States, Mexico, and Pakistan (Olson et al., 

2011). 

2-MG and the diester of 2-MG may have appeared in both the aqueous and organic 

phases, and thus the formation of these organosulfates may occur in either phase or only 

in the aqueous phase. Total SOA mass and oligomer abundance was higher in Experiment 

1 than in Experiment 3, as were organosulfates. The organosulfate derived from the 

diester 2-MG (the ion at m/z 301) was formed only in Experiment 1, in which more 

oligomerization occurred and consequently more 2-MG diester was formed. This 

organosulfate species was more abundant in the wet experiment only by a factor of less 
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than two (much lower than the other organosulfate species), and may be explained by a 

greater abundance of precursor 2-MG diester in the dry experiment.  

The MS
2
 data acquired by UPLC/ESI-HR-Q-TOFMS (Figure 5-8) confirm that the 

species derived from 2-MG and 2-MG diester are organosulfates containing a 2-MG unit. 

Specifically, the product ion at m/z 97 (HSO4
–
) supports that these compounds contain an 

organosulfate moiety.
[47,48]

 Furthermore, the product ion at m/z 119 and the observed 

neutral losses of 102 Da confirms in both spectra the presence of a 2-MG unit contained 

within these organosulfates.
[14]

 

It should also be noted that in Experiment 1, 2-MG, the diester of 2-MG and total 2-

MG units are all more abundant in the dry experiment, but the proportion of 

organosulfates derived from 2-MG and its diester is much higher in the wet experiment, 

providing strong evidence that water may play an important role in forming these 

organosulfates. Furthermore, it has recently been reported that organosulfates can also 

form from irradiation of wet aerosols that are not acidic, which further underscores the 

likely importance of the aqueous phase of aerosols in forming organosulfates.
[55,56]

 

Chamber experiments by Surratt et al. (2007a, 2008) were performed largely under dry 

conditions (<30% RH) with neutral ammonium sulfate seed aerosols and sulfuric acid 

mixed with ammonium sulfate seed aerosols to represent neutral and acidic conditions, 

respectively. For the neutral experiments, the seed aerosols were dry since the RH is 

below the efflorescence RH (ERH), but for the acidic experiments, the seed aerosol with 

sulfuric acid is likely wet even at RHs below the ERH (Seinfeld and Pandis, 1998). In this 

present work, both the neutral and acidic seed aerosol experiments (Experiments 7A and 

7N) were performed under wet conditions (~ 60–70% RH), and thus, both seed aerosol 

types should have sufficient amounts of LWC. Comparisons of the observed 

organosulfates are shown in Figure 5-7c. It is important to note that the acidic seed 
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aerosol did not enhance organosulfates observed at m/z 153 and 169. The organosulfate 

derived from 2-MG (m/z 199) is enhanced under the acidic experiment, but by a factor of 

less than two, a much smaller enhancement than the factors of 2-10 observed for 

organosulfates by elevating RH. It should be noted that in the acidic experiment, the seed 

aerosols were atomized from a liquid solution containing 0.06 M MgSO4 (aq) + 0.06 M 

H2SO4 (aq). As a result, the acidity of the seed aerosol in these experiments is likely much 

higher than ambient conditions, but the RH conditions in this work are atmospherically 

relevant. The relative insensitivity of organosulfate formation to particle acidity and the 

large enhancement of organosulfate formation under conditions of increased RH support 

the suggestion that aerosol-phase water may be the key to organosulfate formation, rather 

than strong acidity. On the other hand, since nitric, formic, and acetic acids, are produced 

in substantial amounts from isoprene or MACR oxidation under initially high-NO 

conditions (Paulot et al., 2009, 2011), it cannot be ruled out that the acidity produced by 

the system itself is adequate to promote acid catalysis of organosulfate formation and 

effects of seed aerosol acidity are obscured. As a result, the formation of organosulfates 

might essentially be dependent only on the water content of sulfate seed aerosols under 

ambient atmospheric conditions.  

5.3.5 Atmospheric relevance of MACR SOA 

Ambient aerosol samples collected from downtown Atlanta, GA (or JST site) during 

the 2008 AMIGAS campaign were analyzed using both GC/MS and UPLC/ESI-HR-Q-

TOFMS. Figure 5-9 compares the GC/MS total ion current (TICs) chromatograms of a 

chamber-generated (Experiment 3D) and an ambient organic aerosol sample (JST 

081608D). 2-MG and another unidentified peak were found in both TICs: 2-MG is 

observed at ~ 25min; and another chromatographic peak with much larger intensity than 

2-MG is observed at ~ 28.6 min. The mass spectral data associated with this unidentified 
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chromatographic peak is shown in Figure 5-10. This chromatographic peak is identical to 

the unidentified compound we reported in prior work, which examined the effect of RH 

on SOA formation from isoprene oxidation (Zhang et al., 2011). This uncharacterized 

compound was also observed by Jaoui et al. (2008, 2010) in both chamber-generated and 

ambient fine aerosol samples. The mass spectra suggest an organic compound with an 

odd number of nitrogens. Jaoui et al.(2008, 2010) have suggested this compound as a 

tracer for isoprene SOA under acidic conditions, but in this study, the compound was 

found to form from MACR oxidation in the presence of initially high-NO levels and 

under dry conditions. The latter observation supports the likely intermediary role of 

MPAN in forming this species; however, the structure and mechanism of formation of 

this SOA constituent awaits additional work. 

The bar graphs in Figure 5-11a and b present the major isoprene SOA components 

detected from the ambient aerosol samples using GC/MS and UPLC/ESI-HR-Q-TOFMS. 

In Figure 5-11a, the 2-methyltetrols and C5-alkene triols, which are known isoprene SOA 

tracers formed under the low-NO limit from reactive uptake of IEPOX in the presence of 

acidic aerosols (Lin et al., 2012), are compared to 2-MG and the unidentified nitrogen-

containing organic compound discussed above, which are known high-NOx isoprene SOA 

tracers (Jaoui et al., 2008, 2010). Figure 5-11 indicates that the unidentified compound 

may be abundant in the atmosphere, and under certain conditions, may be present at a 

magnitude similar to that of the 2-methyltetrols. It will be important to understand how 

the ambient conditions such as the NOx levels, NO2/NO ratios, RH (shown in Table 5-2) 

affect the formation of this compound.  

Figure 5-11b shows the abundance of 2-MG (m/z 119), the organosulfate of 2-MG 

(m/z 199), and the IEPOX-derived organosulfate (m/z 215) from UPLC/ESI-HR-Q-

TOFMS. In the chamber experiments under low-RH conditions, the abundance ratio of 
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m/z 199 to m/z 119 is only as low as 0.03; however, for the high-RH experiment, the 

abundance ratio ranges 0.3 – 0.8, depending on the initial VOC/NO ratio and seed aerosol 

acidity. In the ambient aerosol samples analyzed in the present work, the abundance ratio 

of m/z 199 to m/z 119 ranges 0.7 – 4.7, which is much higher than that in the chamber 

experiments. The enhanced ratio could be explained by the fact that ambient aerosols are 

usually highly aged, increasing the conversion of 2-MG to more aged compounds 

including organosulfates. The IEPOX-derived organosulfate (m/z 215) is usually the most 

abundant organosulfate (Froyd et al., 2010; Hatch et al., 2011a, b). However, as 

demonstrated in Figure 5-11, in the Atlanta region which is a typical isoprene high-NOx 

area, the 2-MG derived organosulfate (m/z 199) could be as important as that derived 

from IEPOX. 

 

5.4 Conclusions 

In the present study, SOA formation from MACR photooxidation is investigated in a 

dual outdoor aerosol chamber using both on-line aerosol sizing measurements and off-

line detailed chemical analyses by GC/MS and UPLC/ESI-HR-Q-TOFMS. Three 

environmental parameters affecting MACR SOA formation have been examined in detail, 

including initial MACR/NO levels, RH, and aerosol acidity. The results confirm our 

previous findings that lower RH conditions enhance SOA formation from the OH-

initiated oxidation of isoprene under initially high-NO conditions (Zhang et al., 2011), 

where oligomers derived from the further oxidation of MPAN are enhanced (Zhang et al., 

2011). In addition, by using different initial MACR/NO levels, this work suggests an 

explanation for the discrepancy in SOA yields observed in previous studies (Dommen et 

al., 2006; Zhang et al., 2011; Nguyen et al., 2011). Aerosol acidity due to the presence of 

sulfuric acid was found to have a negligible effect on MACR SOA mass concentrations. 
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By using UPLC/ESI-HR-Q-TOFMS, we also confirmed that all organosulfates derived 

from MACR photooxidation are largely enhanced under wet conditions compared to dry 

conditions and only slightly enhanced when seed aerosol acidity is increased with sulfuric 

acid. This finding highlights the importance of the aqueous-aerosol phase in forming 

organosulfates from the further oxidation of MACR. Based upon GC/MS data, we found 

a nitrogen-containing organic compound formed in substantial amount under low-RH 

conditions. Although this compound has been reported in previous studies (Jaoui et al., 

2008, 2010; Zhang et al., 2011), the present work further confirms that it is actually 

formed from the further oxidation of MACR under initially high-NO levels. The 

mechanisms of formation of either this nitrogen-containing organic compound or the 

oligomeric compounds are still unresolved, which suggests that a more detailed 

understanding on isoprene high-NOx SOA formation is warranted. The present study 

provides insights into how initial NO level, aerosol acidity, and RH affect SOA formation 

from isoprene oxidation, which could be helpful in elucidation of detailed mechanisms. 
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Table 5-1. Outdoor Smog Chamber Experimental Conditions
a
. 

ID
b
 

Initial 

isoprene 

(ppbV) 

Initial 

methacrolein 

(ppbV) 

Initial 

[NO] 

(ppb) 

Initial 

[NO2] 

(ppb) 

Initial 

[NOx] 

(ppb) 

Temperature  

(K) 

RH 

Range
c
 

(%) 

Initial 

seed mass 

(µg/m
3
) 

Maximum 

formed SOA 

(µg/m
3
) 

VOC/NO
d
 

1D  490 203 14 217 294 - 315 10 - 18 14.9 164.2 2.4 

1W  490 169 74 243 294 - 315 31 - 74 16.5 112.7 2.9 

2D  450 258 20 278 283 - 307 8 - 18 26.6 98.4 1.7 

2W  480 241 33 274 283 - 307 20 - 74 21.7 87.0 2.0 

3D  240 269 16 285 291 - 300 14 - 18 14.3 9.1 0.9 

3W  250 251 40 291 291 - 300 42 - 58 12.4 10.0 1.0 

4D  250 263 3 266 280 - 300 20 - 26 7.5 8.4 0.9 

4W  250 258 9 267 280 - 300 45 - 73 12.4 11.0 1.0 

5D  250 688 30 718 290 - 311 8 - 16 11.5 0-3 0.4 

5W  250 647 74 721 290 - 311 21 - 60 9.9 0-3 0.4 

6D  250 509 19 528 289 - 312 9 - 18 15.0 0-3 0.5 

6W  250 475 56 531 289 - 312 27 - 82 16.8 0-5 0.5 

7A  230 142 7 149 285 – 300 60 -70 30.4 57.5 1.6 

7N  240 143 5 148 285 - 300 66 - 77 26.1 57.7 1.7 

8D 780  223 43 266 293 - 317 4.5 - 11 12.1 21.5 3.5 

8W 820  202 54 256 293 - 317 15 - 43 11.9 10.6 4.1 

9D 210  691 8 699 292 - 314 8 - 14 46.6 0-5 0.3 

9W 210  662 53 715 292 - 314 22 - 55 48.1 0-5 0.3 
a
 Outdoor smog chamber temperature varying from 280 to 317 K. 

b
 Experimental IDs ending with “D” indicates the experiment was performed 

under dry conditions; experimental IDs ending with “W” indicates the experiment was performed under wet conditions.  Furthermore, 

experimental IDs ending with “A” or “N” indicates the experiment was performed under acidic or neutral conditions, respectively.
c
 RH in each 

experiment started with the higher value in the given range and dropped to the lower value in the middle of the day. 
d
VOC/NO represents the 

ratio of initial VOC (MACR or isoprene) concentration (in ppmV) over initial NO concentration. 
e
 This is the only acidic experiment performed 

in this work. The seed aerosol used in this experiment was generated by nebulizing 0.06 M MgSO4 (aq) + 0.06 M H2SO4 (aq) solution. 
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Table 5-2.Ambient Conditions at the JST Site during Field Sample Collections
a
. 

ID
b
 PM2.5(µg/m

3
) WSOC

c
(µg/m

3
) 

SO2 

(ppb) 

NO 

(ppb) 

NO2 

(ppb) 
NO2/NO 

NOx 

(ppb) 

NOy 

(ppb) 
RH (%) 

JST 080908D 21.0 3.98 2.41 0.70 3.58 5.14 8.15 4.28 34.7 

JST 081608D 26.9 3.88 8.19 1.72 9.69 5.62 11.41 15.57 46.9 

JST 081908D 25.7 3.76 0.67 1.33 6.15 4.61 7.48 11.18 39.7 

JST 082908D 15.8 2.51 0.35 0.82 4.68 5.68 5.50 8.80 37.5 

JST 090808D 37.7 4.02 0.56 2.40 11.23 4.67 13.63 15.64 56.0 

JST 090508D 19.0 2.73 0.57 1.06 5.00 4.71 8.52 6.06 36.5 

JST 081608N 23.1 3.72 0.52 0.59 14.15 23.83 14.75 15.87 69.5 

JST 090908N 30.8 3.24 0.55 3.16 21.61 6.84 24.77 25.22 87.4 
a
 Aerosol filter samples collected at the JST site in downtown Atlanta, GA during the 2008 AMIGAS. All the data shown in this table are 

averaged throughout the sample collection periods. 
b
 Field Sample ID, which is in JST MMDDYY, ending with “D” indicates the filter sample 

was collected during day time (i.e. 10 a.m. to 6 p.m., local time); field sample ID ending with “N” indicates the filter sample was collected 

during night time (i.e. 10 p.m. to 6 a.m., local time).
c
 WSOC represent water-soluble organic compounds. 
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Figure5-1.Online measurement of major gas-phase compounds (in ppmV) and wall-loss uncorrected SOA mass concentrations (μg/m
3
). (a) 

Experiment 1 (MACR/NO~2.7); (b) Experiment 3 (MACR/NO~0.9); (c) Experiment 7 (MACR/NO~1.6); (d) Experiment 8 (isoprene/NO~3.8). 
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Figure5-2.Normalized abundance of 2-MG and its corresponding oligomers determined by UPLC/ESI-HR-Q-TOFMS analysis of Experiment 1. 

The abundances are normalized by filter sampling volumes and filter extraction efficiencies. Each series of oligomers has the repeating unit of 

C4H6O3 added to the following precursors: (a) C4H6O3; (b) C4H7O6N; (c) C5H8O5; (d) C6H10O5; (e) C7H10O6; (f) C8H12O5. 
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Figure5-3. Normalized abundance of 2-MG and its corresponding oligomers determined by UPLC/ESI-HR-Q-TOFMS analysis of Experiment 3. 

The abundances are normalized by filter sampling volumes and filter extraction efficiencies. Each series of oligomers has the repeating unit of 

C4H6O3 added to the following precursors: (a) C4H6O3; (b) C4H7O6N; (c) C5H8O5; (d) C6H10O5; (e) C7H10O6; (f) C8H12O5. 
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Figure5-4. Normalized abundance of 2-MG and its corresponding oligomers determined by UPLC/ESI-HR-Q-TOFMS analysis of Experiment 7. 

The abundances are normalized by filter sampling volumes and filter extraction efficiencies. Each series of oligomers has the repeating unit of 

C4H6O3 added to the following precursors: (a) C4H6O3; (b) C4H7O6N; (c) C5H8O5; (d) C6H10O5; (e) C7H10O6; (f) C8H12O5.
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Figure5-5. MS
2
 data for typical oligomers from 6 series of ligomers analyzed by 

UPLC/ESI-HR-Q-TOFMS for the following parent ions. (a) m/z 221; (b) m/z 266; (c) m/z 

249; (d) m/z 263; (e) m/z 291; (f) m/z 289. These oligomers correspond to (a)-(f) in Figure 

5-2, 5-3, and 5-4 with n=1. The measured mass of each product ion is ithin +/- 1 mDa of 

the calculated mass. 
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Figure5-6. Normalized peak areas for 2-MG, the diester of 2-MG, and the unidentified nitrogen-containing compound in Experiment 1, 3, and 7. 

The abundances are normalized by filter sampling volumes and extraction efficiencies. Abundances in (b) are multiplied by a factor of 5 relative 

to (a) and (c). 

 

 



 

 

 

1
2
2

  
 

Figure5-7. Normalized abundance of MACR-derived organosulfates determined by UPLC/ESI-HR-Q-TOFMS analysis of Experiments 1, 3, 

and 7. The abundances were normalized by filter sampling volumes and extraction efficiencies. The abundance of organosulfates in (b) are 

multiplied by a factor of 5 relative to (a) and (c). 
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Figure5-8. MS

2
 data on (a) organosulfate derived from 2-MG (Mw=200); (b) 

organosulfate derived from 2-MG diester (Mw=302). The structures and interpretation of 

the product ions are illustrated in each MS
2
 spectrum. The measured mass of each product 

ion is ithin +/- 2 mDa of the calculated mass. 
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Figure5-9. Total ion currents (TIC) from (a) Experiment 3D and (b) an ambient filter 

sample from downtown Atlanta, GA (an urban area impact by NOx). Major peaks are 

labeled in the chromatograms: 2-MG (RT~25.0 min); The unidentified nitrogen-

containing compound (RT~28.6 min); and internal standard (IS) (RT~32.6 min). In the 

ambient sample TIC, 2-MG signal is very low; the 2-methyltetrols are also shown. 
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Figure5-10.GC/EI-MS mass spectrum of the unidentified nitrogen-containing compound 

observed at RT~28.6 min. The molecular weight after derivatization appears to be 313, as 

indicated by the fragment ion observed at m/z 298 (i.e., the [M-CH3]
+
 ion, which is 

commonly associated with trimethylsilyl derivatives), indicating this unidentified 

compound likely contains an odd number of nitrogens. In addition, the m/z 147 ion in the 

mass spectra also suggest the presence of at least two trimethylsilylated hydroxyl groups. 
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Figure5-11.Normalized abundance of observed compounds from ambient aerosol filter 

samples collected at downtown Atlanta, GA during the AMSGAS campaign. The x-axes 

show the date (MMDDYY) and time of day of each filter sample. “N” after the date 

represents nighttime filter samples and “D’ after the date represents daytime filter 

samples. (a) Results from the GC/MS analyses; (b) Results from the UPLC/ESI-HR-Q-

TOFMS. Blue-dotted and –shaded bars represent SOA species derived from isoprene 

oxidation under NOx-free conditions, whereas red-dotted and –shaded bars represent SOA 

species derived from isoprene/MACR oxidation under the conditions associated with NOx. 

 

 

 



 

 

Chapter VI 

 
 

Conclusions 
 

 

 

6.1 Conclusions 

A kinetic mechanism to predict gas-phase reactions from isoprene photooxidation has 

been developed and evaluated in this study. This new condensed mechanism uses limited 

steps (62 reactions) to represent sufficient chemical reactions; thus it takes the advantages 

of both the highly condensed mechanisms such as CB4 and CB05 and the explicit 

mechanisms such as MCM. In addition to the improvement in the mechanism size, this 

new mechanism also represents most recent results from mechanistic, laboratory, and 

field studies. Since isoprene was observed to produce SOA in the atmosphere in 2004 

(Claeys et al., 2004), a lot of attention was paid to focus on finding the intermediate 

product in the gas-phase (Surratt et al., 2006, 2010; Paulot et al., 2009; Chan et al., 2010) 

that could further produce SOA via gas-particle partitioning (Pankow, 1994a, b). This 

kinetic mechanism has implemented the results from these studies: including IEPOX and 

MPAN-derived product as the intermediate products forming SOA. Moreover, recently 

theoretical studies suggested intramolecular isomerization (1,5- and 1,6-H shifts) of 

isoprene peroxy radicals that could regenerate OH radicals and HO2 radicals (Peeters et 

al., 2010; da Silva et al., 2010). These reactions have also been examined and 

incorporated in this new mechanism. 

Evaluation of this new mechanism has been evaluated against both smog chamber 
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experiments and its performance compared to other currently used mechanisms. The 

evaluation results suggest that this new isoprene kinetic mechanism is generally able to 

able to closely simulate O3-NOx-VOC profiles within a wide range of HC/NOx ratios. 

Comparedto the other currently used mechanisms including MCM v3.1, CB4, CB05, 

SAPRC99, SAPRC07, and MIM2, this new mechanism performs better in almost all 

cases thanmost of the above mechanisms. 

As a further investigation, this study examined the SOA formation from both 

isoprene and MACR under initially high-NO conditions, with varying NOx levels, RH, 

and acidities in smog chamber experiments.These variables all reflect possible conditions 

in the real atmosphere. Detailed chemical analyses wereconductedusing gas 

chromatography/electron ionization-mass spectrometry (GC/EI-MS) and ultra 

performance liquid chromatography/electrospray ionization high-resolution quadrupole 

time-of-flight mass spectrometry (UPLC/ESI-HR-Q-TOFMS) to characterize SOA 

composition. 

For the isoprene photooxidation studies, 2-MG and its corresponding oligomers, 

which have been previously shown to form from the oxidation of MPAN, were enhanced 

in the particle-phase under lower RH conditions. In addition, an abundant unknown SOA 

tracer likely derived from the further oxidation of MPAN was detected and enhanced 

under lower RH conditions. In contrast, the 2-methyltetrols, which are known to form 

from the reactive uptake of isoprene epoxydiols (IEPOX) under low-NO conditions in the 

presence of acidified aerosol, did not substantially vary under different RH conditions; 

however, isoprene-derived organosulfates were found to be enhanced under high-RH 

conditions, indicating the likely importance of the aqueous aerosol phase in their 

formation. This is one of only a few chamber studies that have examined the effect of RH 

on isoprene SOA formation. In comparison to our recent results obtained from aromatic 
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SOA formation (Kamens et al., 2011; Zhou et al., 2011), the effect of RH on isoprene 

SOA formation is reversed. The results of this study highlight the importance of 

elucidating the key reactive intermediates that lead to SOA formation, especially since 

RH likely affects their ability in forming SOA. Most important, ignoring the effects of 

RH may significantly affect the accuracy of both regional and global SOA models. 

In the study examining the SOA formation from MACR photooxidation, both SOA 

mass and chemical composition were found to largely depend on the initial MACR/NO 

ratio and RH conditions. Specifically, at lower initial NO levels more substantial SOA is 

formed under dry conditions compared to wet conditions. However, at higher initial NO 

levels, the maximum SOA formation was slightly higher under wet conditions. 

Furthermore, consistent with the RH study of isoprene photooxidation discussed above, 

most particle-phase oligomers formed from the oxidation of MPAN were enhanced under 

dry conditions. In addition to 2-MG and organosulfates derived from MACR oxidation, a 

nitrogen-containing organic tracer compound was found to form substantially in both 

chamber-generated and ambient aerosol samples collected from downtown Atlanta, GA, 

during the 2008 August Mini-Intensive Gas and Aerosol Study (AMIGAS). Moreover, 

increasing aerosol acidity due to additional sulfuric acid appears to have negligible effect 

on both SOA mass and most SOA constituents. Nevertheless, increased RH and aerosol 

acidity were both observed to enhance organosulfate formation; however, elevating RH 

mediates organosulfate formation, suggesting that wet sulfate aerosols are necessary in 

forming organosulfates in atmospheric aerosols. These effects of environmental factors 

need to be considered in current air quality models. 

 

6.2 Recommendation for Future Work 

Based upon the work conducted here, future studies should focus on: (1) revealing 
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the detailed mechanism of isoprene SOA formation under high-NOx conditions and the 

key intermediate product; (2) the mechanism of the RH effect on isoprene SOA formation 

under both high-NOx and low-NOx conditions;(3) development of new chemical 

analytical method to characterize isoprene SOA composition; (4) systematically studying 

the influence of anthropogenic source onSOA formation from isoprene as well as the 

other major BVOCs ; (5) identification of the substantially observed nitrogen-containing 

compounds from chamber experiments and ambient aerosols; (6) development a kinetic 

gas-particle phase isoprene mechanism based on all the above studies that can be used to 

predict SOA formation from isoprene in current air quality models; (7) combination of 

the isoprene SOA mechanism with the mechanisms of other major VOCs including the 

aromatic VOCs and the other BVOCs such as monoterpenes, sesquiterpenes. 

Although the isoprene SOA composition under high-NOx conditions has been well 

characterized from previous studies and this work, the understanding of the key 

intermediate product (oxidation product of MPAN) is still limited. Hence, the effects of 

environmental factors such as RH and aerosol acidity on isoprene SOA formation under 

high-NOx conditions have not been well explained. The understanding of this key 

intermediate product will benefit the understanding of the heterogeneous reactions, the 

reactions in the particle-phase, and the identification of observed SOA tracers. In addition, 

currently analytical method described in this study may lose some important composition 

during the workup procedure. Other methods may observe other SOA tracer species. 

The anthropogenic influence on biogenic SOA formation has become an increasingly 

important issue for the atmospheric studies. Systematical studies are required to 

investigate how the anthropogenic sources including NOx, aerosol acidity, and 

anthropogenic VOCs could affect the formation of biogenic SOA. The method of SOA 

formation study in this work could be used as a model to further apply to the other 
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BVOCs. 

The results obtained from these chemical characterization studies could then be 

further implemented into air quality models. Currently, parameterized approaches have 

been widely used to predict SOA in the atmosphere (Odum et al., 1997; Donahue et al., 

2006, 2011, 2012). However, these empirical approaches were shown not capable of 

predicting the influence of all environmental factors. Therefore, a kinetic approach is 

required to represent all the influential factors. Hence, the development of a combined 

kinetic mechanism of all major VOCs to predict SOA formation is crucial in future 

studies. 
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Appendix A 

 
 

Supplemental Information for Chapter II 
 

 

 

A1.Details of the Condensed Isoprene Gas-phase Mechanism ISO-UNC 

NAMES 

PhotoRateIDs += {HPALD_to_Prods, MACR_to_Prods, MVK_to_Prods, 

HCOCHO_to_HO2}; 

 

SCALAR 

KRO2NO, KRO2NO3, KRO2HO2, KALNO3, KAPNO, 

KAPNO3,KAPHO2,KFPAN,KBPAN; 

 

withk KRO2NO  = 2.54E-12*EXP(360.0/TK); 

withk KRO2NO3 = 2.50E-12; 

withk KRO2HO2 = 2.06E-13*EXP(1300/TK); 

withk KALNO3  = 1.44E-12*EXP(-1862.0/TK); 

withk KAPNO   = 8.7E-12*EXP(290/TK); 

withk KAPNO3  = 2.8E-12*EXP(530.0/TK); 

withk KAPHO2  = 5.2E-13*EXP(983/TK); 

withk KFPAN   = TROE(2.7E-28*(TK/298.0)^-7.1, 1.2E-11 

       *(TK/298.0)^-0.9, b[M], 0.3); 

withk KBPAN   = TROE(4.9E-03*EXP(-12100.0/TK), 3.7E+16*EXP(- 

       13600.0/TK), b[M], 0.3); 

 

//=============================================================== 

//            B e g i n n i n g of M e c h a n i s m  

// Isoprene Reactions 

 

R[ISOP_1] = ISOP + OH ----> ISOPO2      @ 2.54E-11*EXP(410/TK); 

 

R[ISOP_2] = ISOP + NO3 ----> ISOPNO3O2@ 3.03E-12*EXP(-440/TK); 

 

R[ISOP_3] = ISOP + O3  ---->0.23*MACR + 0.20*MVK + 0.92*FORM + 

0.05*MVOg + 0.06*MVKO2 + 0.42*CO+ 

0.09*HCOOH + 0.16*C2O3 +0.10*PAR + 

0.10*OLE + 0.06*AACD+ 0.27*OH + 

0.26*HO2 + 0.06*H2O2 + 0.15*XO2 + 

0.003*SECOZO      

@ 7.86E-15*EXP(-1913/TK); 

 

R[ISOP_4] = ISOP + O3P ---->0.78*MVOg + 0.22*FORM + 0.22*CO +  

              0.22*HO2 + 0.22*XO2 

                            @ 3.5E-11; 

 

// MACR Reactions 

R[MACR_j] = MACR -hv->2*PAR + ETH + OLE + 0.66*HO2 + 0.34*OH   

@ j[MACR_to_Prods]; 
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R[MACR_1] = MACR + OH ---->0.55*MACRO2 + 0.45*MACO3 

@ 1.86E-11*EXP(175/TK); 

 

R[MACR_2] = MACR + NO3 ---->0.5*MGLY + 0.5*FORM + 0.5*NO2 +  

              0.5*MACO3 +0.5*HNO3 

 @ KALNO3; 

 

R[MACR_3] = MACR + O3 ---->0.67*MGLY + 0.34*OH + 0.53*CO +  

              0.32*HO2 + 0.28*C2O3 + 0.57*FORM +  

              0.19*H2O2+ 0.12*HCOOH + 0.05*ALD2  

              + 0.05*O3P + 0.002*SECOZO 

                              @ 4.40E-15*EXP(-2500/TK); 

 

// MVK Reactions 

R[MVK_j] = MVK -hv-> PAR + ETH + CO  @ j[MVK_to_Prods]; 

 

R[MVK_1] = MVK + OH ----> MVKO2          @ 4.13E-12*EXP(452/TK); 

 

R[MVK_2] = MVK + NO3 ----> MGLY + FORM + NO2      @ 5.75E-16; 

 

R[MVK_3] = MVK + O3 ---->0.67*MGLY + 0.17*OH + 0.53*CO +  

           0.06*HO2 + 0.28*C2O3 + 0.57*FORM +  

           0.19*H2O2 + 0.12*HCOOH + 0.05*ALD2 +  

           0.05*O3P + 0.002*SECOZO 

@ 7.51E-16*EXP(-1521/TK); 

 

// Other MGLY Reactions included in CB05 

R[MGLY_1] = MGLY + NO3 ----> C2O3 + CO + HNO3  @ 2.4*KALNO3; 

 

// GLY Reactions 

R[GLY_j] = GLY -hv->0.4*HO2+ 1.2*CO + 0.80*FORM 

                      @ j[HCOCHO_to_HO2]; 

 

R[GLY_1] = GLY + OH ----> HO2 + 2.0*CO          @ 1.1E-11; 

 

R[GLY_2] = GLY + NO3 ---->0.6*HO2 + 1.2*CO + 0.4*XO2 + HNO3              

                    @ KALNO3; 

 

// Radicals Reactions (IRO2 isomerization and reactions with 

NO/NO2/NO3/HO2) 

 

R[ISOM_1] = ISOPO2 ----> OH + MVK + FORM 

                          @ 0.41*2.38E12*EXP(-10770/TK); 

 

R[ISOM_2] = ISOPO2 ----> OH + MACR + FORM  

                          @ 0.23*1.27E12*EXP(-10570/TK); 

 

R[ISOM_3] = ISOPO2 ----> OH + 2.0*HO2 + 0.5*HYAT + 0.5*MGLY +  

            0.50*GLYALD + FORM 

                          @ 5.2E8*EXP(-7700/TK); 

 

R[ISOM_4] = MACRO2 ----> OH + HYAT + CO @ 0.1; 

 

R[IRNO_1] = ISOPO2 + NO ---->0.7007*(0.46*MVK + 0.40*MACR +  

              0.90*FORM + 0.90*HO2 +0.14*MVKOH +  
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              0.10*C2O3 + NO2) +  

              0.207*(0.60*C5Carb + 0.05*GLYALD +  

              0.02*MGLY+ 0.08*HYAT + 0.07*GLY +  

              0.10*FORM + 0.34*ALDX + HO2 + NO2)  

              + 0.0923*INTR     @ KRO2NO; 

 

R[IRNO_2] = C5CarbO2 + NO ---->0.02*NTR + 0.98*(0.35*HYAT +  

               0.30*MGLY + 0.62*GLYALD  

                                 + 0.59*ALDX + HO2 + NO2)     

                                 @ KRO2NO;  

 

R[IRNO_3] = ISOPNO3O2 + NO ---->0.90*(0.20*(MNB + HO2) +  

               0.60*(C5Carb + NO2)  

                                  + 0.20*(0.5*MVK + 0.5*MACR +  

               FORM + NO2) + NO2) + 0.10*NTR    

                       @ KRO2NO;  

 

R[IRNO_4] = MACRO2 + NO ---->0.05*MACRN + 0.95*(0.5*HYAT +  

               0.5*MGLY + 0.5*FORM + 0.5*CO +  

               HO2 + NO2)       @ KRO2NO; 

 

R[IRNO_5] = MACO3 + NO ---->0.65*CO + 2.0*FORM + NO2 

                              @ KAPNO; 

 

R[IRNO_6] = MVKO2 + NO ---->0.02*MVKN + 0.98*(0.72*MGLY +  

              0.72*FORM + 0.28*GLYALD + 0.28*ALD2  

              + HO2 + NO2) @ KRO2NO; 

 

R[MPAN_f] = MACO3 + NO2 ----> MPAN         @ KFPAN; 

 

R[MPAN_r] = MPAN ----> MACO3 + NO2         @ KBPAN; 

 

R[MPAN_1] = MPAN + OH ---->0.9*MAE + 0.1*MPANOO  @ 3.2E-11; 

 

R[MPAN_2] = MPANOO + NO ---->0.05*NTR + 0.475*(HYAT + NO3 +  

              FORM + PAN + HO2)   @ KRO2NO; 

 

R[IRNO3_1] = ISOPO2 + NO3 ---->0.77*(0.46*MVK + 0.40*MACR +  

               0.90*FORM + 0.90*HO2 +  

               0.14*MVKOH + 0.10*C2O3 + NO2) +  

               0.23*(0.60*C5Carb + 0.05*GLYALD  

               + 0.05*MGLY + 0.06*HYAT +  

               0.10*FORM + 0.30*ALDX + HO2 +  

               NO2)       @ KRO2NO3; 

 

R[IRNO3_2] = C5CarbO2 + NO3 ---->0.32*HYAT + 0.33*MGLY +  

                0.62*GLYALD + 0.59*ALDX + HO2  

                + NO2           @ KRO2NO3; 

 

R[IRNO3_3] = ISOPNO3O2 + NO3 ---->0.20*(MNB + HO2) +  

                 0.60*(C5Carb + NO2)  

                                    + 0.20*(0.5*MVK + 0.5*MACR +  

                 FORM + NO2) + NO2 

                               @ KRO2NO3; 

 

R[IRNO3_4] = MACRO2 + NO3 ---->0.5*HYAT + 0.5*MGLY + 0.5*FORM +  



 

135 

 

               0.5*CO + HO2 + NO2  

                            @ KRO2NO3; 

 

R[IRNO3_5] = MACO3 + NO3 ---->0.65*CO + 2.0*FORM + NO2 @ KAPNO3; 

 

R[IRNO3_6] = MVKO2 + NO3 ---->0.72*MGLY + 0.72*FORM +  

              0.28*GLYALD + 0.28*ALD2 + HO2 + NO2  

                        @ KRO2NO3; 

 

R[IRHO2_1] = ISOPO2 + HO2 ----> ISOPOOH         @ KRO2HO2; 

 

R[IRHO2_j] = ISOPOOH -hv-> OH + 0.77*(0.46*MVK + 0.40*MACR +  

             0.90*FORM + 0.90*HO2 + 0.14*MVKOH  

+ 0.10*C2O3) + 0.23*(0.60*C5Carb  

             + 0.05*GLYALD + 0.05*MGLY + 0.06*HYAT  

             + 0.10*FORM + 0.30*ALDX + HO2)  

                             @ j[ROOH_to_OH]; 

 

R[IEPOX_1] = ISOPOOH + OH ---->0.4*(IEPOX + OH) + 0.3*ISOPO2 +  

               0.3*(ALDX + OH)     

     @ 1.9E-11*EXP(390/TK); 

 

R[IEPOX_2] = IEPOX + OH ----> IEPOXO2         @ 9.1E-12; 

 

R[IEPOX_3] = IEPOXO2 + NO ---->0.725*HYAT + 0.275*(GLY + GLYALD  

               + MGLY) + 0.375*FORM +  

               0.074*HCOOH+ 0.125*OH +  

               0.825*HO2 + 0.251*CO + NO2        

                               @ KRO2NO; 

 

R[IEPOX_4] = IEPOXO2 + HO2 ---->0.725*HYAT + 0.275*(GLY +  

                GLYALD + MGLY) + 0.375*FORM +  

                0.074*HCOOH+ 0.125*OH +  

                0.825*HO2 + 0.251*CO + OH  

                                   @ KRO2HO2; 

 

R[IRHO2_2] = C5CarbO2 + HO2 ---->0.41*PACD + 0.15*(AACD + O3) +  

                0.44*(0.32*HYAT + 0.33*MGLY 

                                   + 0.62*GLYALD + 0.57*ALDX + 

                 HO2 + OH) 

                                   @ KRO2HO2; 

 

R[IRHO2_3] = ISOPNO3O2 + HO2 ---->0.264*(C5Carb + MNB) +  

                 0.067*(MACR + MVK) +  

                 0.134*(FORM + NO2)  

                                    + 0.536*OH + 0.34*ROOH   

                                     @ 0.88*KRO2HO2; 

 

R[IRHO2_4] = MACRO2 + HO2 ---->0.925*ROOH + 0.075*(HYAT + CO +  

               HO2 + OH)    @ 0.88*KRO2HO2; 

 

R[IRHO2_5] = MACO3 + HO2 ----> MPAA         @ KAPHO2; 

 

R[IRHO2_6] = MPAA + OH ----> MAE + OH    @ 1.9E-11*EXP(390/TK); 

 

R[IRHO2_7] = MVKO2 + HO2 ---->0.89*ROOH + 0.11*(MGLY + FORM +  
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               HO2 + OH)    @ 0.88*KRO2HO2; 

 

// Higher Generation Reactions 

// C5Carb(Hydroxy Carbonyl and isomers), MNB(MethylNitroxy 

Butenal and isomers). 

R[IHGR_1] = C5Carb + OH ----> C5CarbO2       @ 1.35E-11; 

 

R[IHGR_2] = MNB + OH ----> MGLY + 0.5*ALDX + NO2    @ 1.35E-11; 

 

R[IHGR_3] = GLYALD + OH ---->0.1*ALDX + 0.2*HCOOH + 0.6*FORM +  

               0.5*CO + 0.25*OH + 0.75*HO2 

                        @ 8.00E-12; 

 

R[IHGR_4] = HYAT + OH ---->0.65*ALDX + 0.9*HO2 + 0.1*OH +  

              0.1*HCOOH + 0.1*AACD 

                              @ 5.98E-12; 

 

// Radical Cross Reactions 

SCALAR 

IRO2; 

withk IRO2 = 

n[C2O3]+n[CXO3]+n[MEO2]+n[XO2]+n[ISOPO2]+n[MACRO2]+n[MACO3]+n[MVK

O2]+n[C5CarbO2]+n[ISOPNO3O2]; 

 

R[IRO2_1] = ISOPO2 ---->0.75*(0.7007*(0.46*MVK + 0.40*MACR +  

            0.90*FORM + 0.90*HO2 + 0.14*MVKOH  

                          + 0.10*C2O3) + 0.207*(0.60*C5Carb +  

            0.05*GLYALD + 0.05*MGLY + 0.06*HYAT  

                          + 0.10*FORM + 0.30*ALDX + HO2)) + 

           0.125*MBdiolg + 0.125*ALDX 

                      @ IRO2*1.8E-12; 

 

R[IRO2_2] = C5CarbO2 ---->0.75*(0.32*HYAT + 0.33*MGLY +  

             0.62*GLYALD + 0.59*ALDX + HO2)  

                            + 0.125*AACD + 0.125*ALDX 

                            @ IRO2*1.0E-11; 

 

R[IRO2_3] = ISOPNO3O2 ---->0.75*(0.20*(MNB + HO2) +  

             0.60*(C5Carb + NO2) 

                             + 0.20*(0.5*MVK + 0.5*MACR + FORM +  

             NO2)) + 0.25*NTR    @ IRO2*2.5E-13; 

 

R[IRO2_4] = MACRO2 ---->0.65*(0.5*HYAT + 0.5*MGLY + 0.5*FORM +  

            0.5*CO + HO2) + 0.175*AACD + 0.175*ALDX 

               @ IRO2*2.5E-13; 

 

R[IRO2_5] = MACO3 ---->0.65*(0.65*CO + 2.0*FORM) + 0.175*AACD +  

           0.175*ALDX          @ IRO2*1.0E-11; 

 

R[IRO2_6] = MVKO2 ---->0.7*(0.72*MGLY + 0.72*FORM + 0.28*GLYALD  

            + 0.28*ALDX + HO2) + 0.15*MVKOH +  

            0.15*ALDX@   IRO2*2.5E-13; 

 

// {Organic Nitrate Chemistry} 

R[INTR_1] = INTR ---->0.72*(0.44*MVK + 0.44*MACR + 0.88*FORM +  

           0.88*HO2 + 0.12*MVKOH + 0.12*C2O3) 
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                        + 0.28*(C5Carb + HO2) + NO2 

                        @ j[NTR_to_NO2]; 

 

R[INTR_2] = INTR + OH ----> ISOPNOO      @ 3.34E-11; 

 

R[INTR_3] = ISOPNOO + NO ---->0.56*HYAT + 0.21*GLYALD +  

               0.05*MACRN + 0.11*MVKN +  

               0.66*FORM + 1.31*NO2 +  

               0.23*C5NTR + 0.31*NO3 +  

               0.31*HCOOH + 0.20*DHB  @ KRO2NO; 

 

R[INTR_4] = MVKN + OH ---->0.7*MGLY + 0.7*HCOOH + 0.3*FORM +  

             NO3              @ 2.78E-12; 

 

R[INTR_5] = MACRN + OH ---->0.08*(AACD + FORM) + 0.07*(HCOOH +  

              MGLY) + 0.85*HYAT + 0.85*NO2 +  

              0.15*NO3     @ 2.50E-11; 

 

#end 
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A2.  Other O3-NOx-isoprene Simulation Plots 

Low HC/NOx: 

 

 
 

 

 
Figure A-1. Additional isoprene-NOx simulations for low HC/NOx. 
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Medium HC/NOx: 

 

 

 
 

 

 
 

 

 

Figure A-2. Additional isoprene-NOx simulations for medium HC/NOx. 

 

  

0

0.2

0.4

0.6

0.8

1

7 9 11 13 15 17 19

p
p

m
V

0

0.04

0.08

0.12

0.16

0.2

0.0

0.2

0.4

0.6

0.8

1.0

8 10 12 14 16 18

p
p

m
V

0

0.1

0.2

0.3

0.4

0.5

0

0.2

0.4

0.6

0.8

1

8 10 12 14 16 18 20

p
p

m
V

0

0.1

0.2

0.3

0.4

0.5

0

0.2

0.4

0.6

0.8

1

8 10 12 14 16 18 20 22

p
p

m
V

0

0.2

0.4

0.6

0.8

1

0.2 ppmVisoprene, 0.1 ppm NOx 

 

0.4 ppmVisoprene, 0.15 ppm NOx 

 

0.4 ppmVisoprene, 0.15 ppm NOx 

 

0.8 ppmVisoprene, 0.3 ppm NOx 

 



 

140 

 

High HC/NOx: 

 

 

 
 

 

 
 

Figure A-3. Additional isoprene-NOx simulations for high HC/NOx. 
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A3.  Additional MACR and MVK Simulations 

 

 
 

 

 
Figure A-4. Additional MACR and MVK simulations for initial isoprene concentration 

higher than 0.8 ppmV. 
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Appendix B 

 
 

Supplemental Information for Chapter III 
 

 

 

B1.Isoprene Peroxy Radical Isomerization Reactions in MCMiso1 and MCMiso2. 

The following 27 reactions are used in both mechanisms. 

 
R[isop_1] =  OH + C5H8 ---->0.1035*TISOPC + 0.2415*CISOPC 

                             + 0.3275*TISOPA + 0.3275*CISOPA  

 @ 2.54E-11*EXP(410/TK); 

 

R[isop_2] = TISOPC + O2 ----> ISOPCO2                 

 @ 3.0E-13; 

 

R[isop_3] = TISOPC + O2 ----> ISOPDO2                

 @ 1.5E-12; 

 

R[isop_4] = ISOPCO2 ----> TISOPC + O2                

 @ 5.65E12*EXP(-8410/TK); 

 

R[isop_5] = ISOPDO2 ----> TISOPC + O2                

 @ 5.0E14*EXP(-10120/TK); 

 

R[isop_6] = CISOPC + O2 ----> ISOPDO2                

 @ 1.5E-12; 

 

R[isop_7] = CISOPC + O2 ----> CISOPCO2               

 @ 1.0E-12; 

 

R[isop_8] = ISOPDO2 ----> CISOPC + O2                

 @ 8.25E14*EXP(-10220/TK); 

 

R[isop_9] = CISOPCO2 ----> CISOPC + O2               

 @ 1.4E14*EXP(-9110/TK); 

 

R[isop_10] = TISOPA + O2 ----> ISOPAO2               

 @ 3.0E-13; 

 

R[isop_11] = TISOPA + O2 ----> ISOPBO2               

 @ 1.5E-12; 

 

R[isop_12] = ISOPAO2 ----> TISOPA + O2               

 @ 3.1E12*EXP(-7900/TK); 
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R[isop_13] = ISOPBO2 ----> TISOPA + O2               

 @ 3.7E14*EXP(-9570/TK); 

 

R[isop_14] = CISOPA + O2 ----> ISOPBO2               

 @ 1.5E-12; 

 

R[isop_15] = CISOPA + O2 ----> CISOPAO2              

 @ 1.4E-12; 

 

R[isop_16] = ISOPBO2 ----> CISOPA + O2               

 @ 4.2E14*EXP(-9970/TK); 

 

R[isop_17] = CISOPAO2 ----> CISOPA + O2              

 @ 7.8E13*EXP(-8660/TK); 

 

R[ISOP_18] = CISOPAO2 + NO ---->0.892*(ISOPAO + NO2) 

                                 + 0.108*ISOPANO3       

 @ KRO2NO; 

 

R[isop_19] = CISOPAO2 + NO3 ----> ISOPAO + NO2       

 @ KRO2NO3; 

 

R[isop_20] = CISOPAO2 + HO2 ----> ISOPAOOH           

 @ KRO2HO2*0.706; 

 

R[isop_21] = CISOPAO2 + RO2 ---->0.8*ISOPAO + 0.1*HC4ACHO + 

0.1*ISOPAOH                  

@ 2.40E-12; 

 

R[isop_22] = CISOPCO2 + NO ---->0.892*(ISOPCO + NO2) 

                                 + 0.108*ISOPCNO3       

 @ KRO2NO; 

 

R[isop_23] = CISOPCO2 + NO3 ----> ISOPCO + NO2       

 @ KRO2NO3; 

 

R[isop_24] = CISOPCO2 + HO2 ----> ISOPCOOH           

 @ KRO2HO2*0.706; 

 

R[isop_25] = CISOPCO2 + RO2 ---->0.8*ISOPCO + 0.1*HC4CCHO + 

0.1*ISOPAOH                 

@ 2.00E-12; 

 

R[isop_26] = HPC41CHO -hv-> OH + HO2 + 0.5*ACETOL + 

0.5*MGLYOX 

                            + 0.25*HOCH2CHO + 0.25*GLYOX + 

HCHO 

 @ 33.3*j[MACR_to_RO2]; 

 

R[isop_27] = HPC42CHO -hv-> OH + HO2 + 0.5*ACETOL + 

0.5*MGLYOX 
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                            + 0.25*HOCH2CHO + 0.25*GLYOX + 

HCHO 

 @ 33.3*j[MACR_to_RO2]; 

 

 

The following 4 reactions are solely used in MCMiso1: 
R[isop_28] = ISOPBO2 ----> MVK + HCHO + OH           

 @ 4.0E-3; 

 

R[isop_29] = ISOPDO2 ----> MACR + HCHO + OH          

 @ 1.1E-2; 

 

R[isop_30] = CISOPAO2 ----> HPC41CHO + HO2           

 @ 1.0; 

 

R[isop_31] = CISOPCO2 ----> HPC42CHO + HO2           

 @ 8.0; 

 

The following 4 reactions are solely used in MCMiso2: 
R[isop_28] = ISOPBO2 ----> MVK + HCHO + OH           

 @ 2.38E12*EXP(-10770/TK); 

 

R[isop_29] = ISOPDO2 ----> MACR + HCHO + OH          

 @ 1.27E12*EXP(-10570/TK); 

 

R[isop_30] = CISOPAO2 ----> HPC41CHO + HO2           

 @ 0.02; 

 

R[isop_31] = CISOPCO2 ----> HPC42CHO + HO2           

 @ 0.16; 
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B2.Six removal mechanisms of HPALDs based on previous studies. 

 

PC m=1: 

 

HPC41CHO OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.25*HOCH2CHO + 0.25*GLYOX + HCHO    @ j[HPALD]; 

 

HPC42CHO OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.25*HOCH2CHO + 0.25*GLYOX + HCHO    @ j[HPALD]; 

 

PC m=3: 

 

HPC41CHO  3.0*OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.25*HOCH2CHO + 0.25*GLYOX + HCHO    @ j[HPALD]; 

 

HPC42CHO  3.0*OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.25*HOCH2CHO + 0.25*GLYOX + HCHO    @ j[HPALD]; 

 

S m=1: 
 

HPC41CHO  OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.5*HOCH2CHO + HCHO   @ j[HPALD]; 

 

HPC42CHO  OH + HO2 + 0.5*ACETOL + 0.5*GLYOX + 0.5*HOCH2CHO 

+ HCHO    @ j[HPALD]; 

 

S m=3: 
 

HPC41CHO  3.0*OH + HO2 + 0.5*ACETOL + 0.5*MGLYOX + 

0.5*HOCH2CHO + HCHO   @ j[HPALD]; 

 

HPC42CHO  3.0*OH + HO2 + 0.5*ACETOL + 0.5*GLYOX + 

0.5*HOCH2CHO + HCHO   @ j[HPALD]; 

 

 

PE: 
 

HPC41CHO OH + HO2 + PACALD             j[HPALD]; 

 

HPC42CHO  OH + HO2 + PACALD             j[HPALD]; 

 

HPC41CHO + OH  PACALD + OH              @ 1.5E-11; 

 

HPC41CHO + OH  OH +O=CH-C(OOH)(CH3)-CH(OH)-CH=O   @ 1.4E-

11; 

 

HPC41CHO + OH  OH +O=CH-C(CH3)=CH-CH=O@ 0.7E-11; 

 

HPC42CHO + OH  PACALD + OH              @ 1.5E-11; 
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HPC42CHO + OH  OH +O=CH-CH(OOH)-C(CH3)(OH)-CH=O   @ 0.7E-

11; 

 

HPC42CHO + OH O=CH-CH(OH)-C(CH3)(OO)-CH2OOH       @ 1.4E-

11; 

 

HPC42CHO + OH  OH +OCH-CH=C(CH3)-CHO              @ 1.0E-

11; 

 

PACALD  2.0*OH + O=C(CH3)-CH=C=O@ 2.0* j[HPALD]; 

 

PACALD + OH  OH +HOOC(O)-C(CH3)=CH-C(O)OO        @ 2.0E-11; 

 

A: 

HPC41CHO  OH + HC4CCO3                            @ 

j[HPALD]; 

 

HPC42CHO  OH + HC4ACO3                            @ 

j[HPALD]; 

 

HPC41CHO + OH  0.26*HPC41CO3 + 0.74*HPC41CO2      @ 4.6E-

11; 

 

HPC42CHO + OH  0.26*HPC42CO3 + 0.74*HPC42CO2      @ 4.6E-

11; 

 

HPC41CO3 + NO  NO2 + HO2 + CH3CO3 + HCOCH2OOH     @ KRO2NO; 

 

HPC41CO3 + RO2  HO2 + CH3CO3 + HCOCH2OOH          @ 2.4E-

12; 

 

HPC41CO3 + HO2 ROOH                              @ KRO2HO2; 

 

HPC41CO2 + NO  NO2 + MGLYOX + HO2 + HCOCH2OOH     @ KRO2NO; 

 

HPC41CO2 + RO2  MGLYOX + HO2 + HCOCH2OOH          @ 2.4E-

12; 

 

HPC41CO2 + HO2 ROOH                              @ KRO2HO2; 

 

HPC42CO3 + NO  NO2 + HO2 + CO + HYPERACET         @ KRO2NO; 

 

HPC42CO3 + RO2  HO2 + CO + HYPERACET             @ 2.4E-12; 

 

HPC42CO3 + HO2 ROOH                             @ KRO2HO2; 

 

HPC42CO2 + NO  NO2 + HO2 + GLYOX + HYPERACET     @ KRO2NO; 

 

HPC42CO2 + RO2  HO2 + GLYOX + HYPERACET          @ 2.4E-12; 
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HPC42CO2 + HO2 ROOH                             @ KRO2HO2; 
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B3.Additional Simulation Results 

 
Figure B-1. Simulation results for experiment ST0410N. 
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Figure B-2. Simulation results for experiment JN0411N. 
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Figure B-3. Simulation results for experiment JN0811N. 
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Figure B-4. Simulation results for experiment JN0911N. 
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Figure B-5. Simulation results for experiment JN0911S. 
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Figure B-6. Simulation results for experiment JN1511N. 

 



 

 

1
5
4

 

 
Figure B-7. Simulation results for experiment JN2211N. 
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Figure B-8. Simulation results for experiment JN2411N. 
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Figure B-9. Simulation results for experiment JN2511N. 
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B4.Simulation results for NOx in JN0411S and JN0811S 

 

 
Figure B-10. Simulation results for NOx in experiment JN0411S and JN0811S.

NOy = NO2 + PANs + alkyl nitrates 

NOy = NO2 + PANs + alkyl nitrates 
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Appendix C 

 
 

Supplemental Information for Chapter IV 
 

 

 

C1.Additional Online Results of Chamber Experiments 

 

 

Figure C-1. (a) Gas-phase measurement of O3, NOx, and isoprene and wall-loss corrected 

SOA data. (b) Particle size distributions under low- and high-RH conditions when the 

experiments began. The red dots are data from the North chamber (2010OCT15N, low-

RH condition); the blue dots are data from South chamber (2010OCT15S, high-RH 

condition). 
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C2.Additional GC/EI-MS Results 

2-MG 2-methyltetrols

unknown tracer

2-MG oligoesters

Internal 
standard

 

Figure C-2. (a) GC/MS TIC of the filter extract of 2010OCT15N (low-RH experiment). 

(b) GC/MS TIC of the filter extract of 2010OCT15S (high-RH experiment). 

 

 

(b)  

(a)  
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Figure C-3. EI mass spectrums of detected SOA compounds on GC/MS. (a) 2-MG; (b) 2-

methyltetrols; (c) C5-alkenetriols; (d) diester of 2-MG. 
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C3.Additional ESI-HR-Q-TOFMS Results 

Table C-1. Summary of accurate mass measurements obtained for isoprene SOA 

constituents produced from the dry experiment on 2010OCT21N.
a
 

 

 

 

 

 

 

 

 

a
Larger oligosters of 2-MG, such as m/z 323, 351, 365, and 370, were also observed to 

elute from the UPLC column at much later RTs but are not reported here.  These data are 

consistent with previous work (Surratt et al., 2006, 2010; Chan et al., 2010) 

 

Measured 
Mass 

TOFMS 
Suggested Ion 

Formula 

Calculated 
Mass 

Difference 
(mDa) 

119.0337 C4H7O4
– 119.0350 -1.3 

154.9672 C2H3O6S– 154.9650 2.2 

164.0192 C4H6NO6
– 164.0201 -0.9 

168.9797 C3H6O6S– 169.9812 -1.5 

198.9904 C4H7O7S– 198.9918 -1.4 

215.0251 C5H11O7S
– 215.0225 2.6 

221.0659 C8H13O7
– 221.0667 -0.8 

249.0602 C9H13O8
– 249.0616 -1.4 

263.0753 C10H15O8
– 263.0772 -1.9 

266.0494 C8H12NO9
– 266.0518 -2.4 
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Figure C-4. Comparison of known isoprene SOA constituents produced from low 

concentration isoprene oxidation experiments (2010OCT15) under initially high-NO and 

high-RH (blue lines) and low-RH (red lines) conditions in the presence of neutral 

ammonium sulfate seed aerosol. For simplicity, only one structural isomer is shown. All 

of the MPAN-derived SOA products (a-f), are found to increase in abundance under low-

RH conditions. ESI-HR-Q-TOFMS accurate measurements show that the elemental 

compositions of these compounds are consistent with the proposed structures (See Table 

C-1). 
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Figure C-5. Comparison of the glyoxal-derived organosulfate (i.e., glycolic acid sulfate) 

(Galloway et al., 2009) produeced from isoprene oxidation under initially high-NO and 

high-RH (blue lines) and low-RH (red lines) conditions in the presence of neutral 

ammonium sulfate seed aerosol. Consistent with the other isoprene-derived 

organosulfates shown in Figure 4-3, this organosulfate was found to increase in 

abundance with increasing RH. ESI-HR-Q-TOFMS accurate measurements show that the 

elemental composition of this compound is consistent with the proposed structures (See 

Table C-1). 
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Appendix D 

 
 

Supplemental Information for Chapter V 
 

 

 

D1.Additional Online Measurements for Chamber Experiments 

 

 

Figure D-1. Initial size distribution comparison between the wet and dry experiments: (a) 

Experiment 1 (1D and 1W); (b) Experiment 3 (3D and 3W). The red dots represent the 

dry experiments (D) and the blue dots represent the wet experiments (W). 
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Figure D-2. SOA formation from (a) Experiment 5 (5D and 5W) and (b) Experiment 6 

(6D and 6W). The red dots represent the dry experiments (D) and the blue dots represent 

the wet experiments (W). 
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D2.Additional GC/EI-MS Data 

 

 

 

 

 

 

Figure D-3. GC/EI-MS mass spectrums of 2-MG (a) and its diester (b). 
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D3.Detailed List of Chamber Experiments 

Table D-1. Outdoor Smog Chamber Experimental Conditions
a
. 

Date
b
 ID

c
 

Initial 
isoprene 
(ppbV) 

Initial 
methacrolein 

(ppbV) 

Initial 
[NO] 
(ppb) 

Initial 
[NO2] 
(ppb) 

Initial 
[NOx] 
(ppb) 

Temperature  
(K) 

RH 
Range

d
 

(%) 

Initial seed 
mass 

(µg/m
3
) 

2011AUG09N 1D  490 203 14 217 294 - 315 10 - 18 14.9 

201AUG09S 1W  490 169 74 243 294 - 315 31 - 74 16.5 

2011OCT17N 2D  450 258 20 278 283 - 307 8 - 18 26.6 

2011OCT17S 2W  480 241 33 274 283 - 307 20 - 74 21.7 

2011SEP19N 3D  240 269 16 285 291 - 300 14 - 18 14.3 

2011SEP19S 3W  250 251 40 291 291 - 300 42 - 58 12.4 

2011OCT02N 4D  250 263 3 266 280 - 300 20 - 26 7.5 

2011OCT02S 4W  250 258 9 267 280 - 300 45 - 73 12.4 

2011AUG24N 5D  250 688 30 718 290 - 311 8 - 16 11.5 

201AUG24S 5W  250 647 74 721 290 - 311 21 - 60 9.9 

2011SEP14N 6D  250 509 19 528 289 - 312 9 - 18 15.0 

2011SEP14S 6W  250 475 56 531 289 - 312 27 - 82 16.8 

2011NOV08N 7A  230 142 7 149 285 – 300 60 -70 30.4 

2011NOV08S 7N  240 143 5 148 285 - 300 66 - 77 26.1 

2011AUG02N 8D 780  223 43 266 293 - 317 4.5 - 11 12.1 

2011AUG02S 8W 820  202 54 256 293 - 317 15 - 43 11.9 

2011SEP03N 9D 210  691 8 699 292 - 314 8 - 14 46.6 

2011SEP03S 9W 210  662 53 715 292 - 314 22 - 55 48.1 
a
 Outdoor smog chamber temperature varying from 280 to 317 K.

b
 Experiment dates in YYYYMMMDDN/S format, where MMM is the three-

letter month initials, DD is the experiment day, YYYY is the experiment year and N or S represents chamber side in which experiment was 

performed – N: North side, S: South side. 
c
 Experimental IDs ending with “D” indicates the experiment was performed under dry conditions; 

experimental IDs ending with “W” indicates the experiment was performed under wet conditions. Furthermore, experimental IDs ending with 

“A” or “N” indicates the experiment was performed under acidic or neutral conditions, respectively.
d
 RH in each experiment started with the 

higher value in the given range and dropped to the lower value in the middle of the day. 
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