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Abstract 

Our understanding of the processes and mechanisms by which secondary organic aerosol 

(SOA) is formed is derived from laboratory chamber studies. In the atmosphere, SOA 

formation is primarily driven by progressive photooxidation of SOA precursors, coupled 

with their gas-particle partitioning. In the chamber environment, SOA-forming vapors 

undergo multiple chemical and physical processes that involve production and removal 

via gas-phase reactions; partitioning onto suspended particles vs. particles deposited on 

the chamber wall; and direct deposition on the chamber wall. The main focus of this 

dissertation is to characterize the interactions of organic vapors with suspended particles 

and the chamber wall and explore how these intertwined processes in laboratory 

chambers govern SOA formation and evolution.  

    A Functional Group Oxidation Model (FGOM) that represents SOA formation and 

evolution in terms of the competition between functionalization and fragmentation, the 

extent of oxygen atom addition, and the change of volatility, is developed. The FGOM 

contains a set of parameters that are to be determined by fitting of the model to laboratory 

chamber data. The sensitivity of the model prediction to variation of the adjustable 

parameters allows one to assess the relative importance of various pathways involved in 

SOA formation.  

    A critical aspect of the environmental chamber is the presence of the wall, which can 

induce deposition of SOA-forming vapors and promote heterogeneous reactions. An 

experimental protocol and model framework are first developed to constrain the vapor-

wall interactions. By optimal fitting the model predictions to the observed wall-induced 



 xi 

decay profiles of 25 oxidized organic compounds, the dominant parameter governing the 

extent of wall deposition of a compound is identified, i.e., wall accommodation 

coefficient. By correlating this parameter with the molecular properties of a compound 

via its volatility, the wall-induced deposition rate of an organic compound can be 

predicted based on its carbon and oxygen numbers in the molecule.  

    Heterogeneous transformation of δ-hydroxycarbonyl, a major first-generation product 

from long-chain alkane photochemistry, is observed on the surface of particles and walls. 

The uniqueness of this reaction scheme is the production of substituted dihydrofuran, 

which is highly reactive towards ozone, OH, and NO3, thereby opening a reaction 

pathway that is not usually accessible to alkanes. A spectrum of highly-oxygenated 

products with carboxylic acid, ester, and ether functional groups is produced from the 

substituted dihydrofuran chemistry, thereby affecting the average oxidation state of the 

alkane-derived SOA.  

    The vapor wall loss correction is applied to several chamber-derived SOA systems 

generated from both anthropogenic and biogenic sources. Experimental and modeling 

approaches are employed to constrain the partitioning behavior of SOA-forming vapors 

onto suspended particles vs. chamber walls. It is demonstrated that deposition of SOA-

forming vapors to the chamber wall during photooxidation experiments can lead to 

substantial and systematic underestimation of SOA. Therefore, it is likely that a lack of 

proper accounting for vapor wall losses that suppress chamber-derived SOA yields 

contribute substantially to the underprediction of ambient SOA concentrations in 

atmospheric models.  
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 1-2 

1.1 Background and motivation 

Secondary organic aerosol (SOA) constitutes a major fraction of sub-micrometer 

particulate matter in the atmosphere (Jimenez et al., 2009) and consequently has 

important impacts on regional and global climate and human health (IPCC, 2001). The 

chemical and physical processes associated with SOA formation are complex and varied. 

In general, volatile organic compounds (VOC) from anthropogenic and biogenic 

emissions undergo multiple generations of photooxidation in the gas phase, to yield 

products that are generally oxidized, functionalized, and have sufficiently low volatilities 

to partition into the particle phase, as SOA.  

    Laboratory chambers are ubiquitous in studies of atmospheric chemistry. A primary 

goal of chamber-based atmospheric aerosol research is to understand the fundamental 

mechanisms by which gas-phase photochemistry coupled with gas-particle partitioning 

leads to SOA formation and evolution. Chamber-measured SOA yields (mass of SOA 

formed per mass of VOC reacted) have been widely parameterized into regional/global 

atmospheric models, and chemical mechanisms leading to SOA formation and aging have 

been derived based on the gas/particle-phase identification of intermediate/semi/low-

volatility compounds generated in controlled chamber experiments. Despite important 

advances that were made during the last decade, world-wide data have been accumulating 

that point to the fact that model predictions of SOA levels based on the chamber 

experiments derived parameterization are substantially lower than ambient observations 

(Heald et al., 2005; Volkamer et al., 2006; Ensberg et al., 2013). 
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    An unavoidable consequence of the use of a laboratory chamber is interaction of 

vapors and particles with the chamber wall. Losses of particles to the chamber wall are 

routinely accounted for, but there has been little evaluation of the effects on SOA yields 

of losses of the oxidized vapors that are precursors to SOA to chamber walls. This thesis 

focuses on understanding 1) the nature of Teflon chamber wall as an absorbing medium; 

2) the wall-induced deposition behaviours of a variety of oxidized organic vapors; 3) 

Possible chemical reactions occurring at the chamber wall surface; 4) incorporation of 

mathematical expressions of vapor-wall interactions into SOA predictive models; and 5) 

the influence of vapor wall deposition on the chamber measured SOA yields.   

1.2 Organization of Thesis 

In chapter 2, a new variation of the SOA model is developed based on explicit chemical 

information in terms of the types of functional groups that result from the oxidation of a 

parent VOC. We term this the Functional Group Oxidation Model (FGOM). We first 

describe the development of the FGOM, and then apply it to SOA formation from the 

low- and high- NOx photooxidation of four C12 alkanes.  

    In Chapter 3, we identified a heterogeneous chemical reaction scheme that is occurring 

on the chamber wall, i.e., the heterogeneous formation of substituted dihydrofurans and 

their subsequent gas-phase reaction with ozone. We present the results of a series of 

chamber dodecane photooxidation experiments under two reaction regimes, i.e., “OH-

dominant”, in which over 70% of substituted dihydrofurans are oxidized by OH, vs. “O3-

dominant”, in which 80% – 90% of substituted dihydrofurans react with O3. Gas-phase 

products that are unique to the substituted dihydrofuran chemistry are identified. The 
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impact of ozonolysis of substituted dihydrofurans on the particle-phase 

product distribution from the photooxidation of dodecane is investigated by comparing 

intensities of certain ions that are indicative of ozonolysis chemistry.  

    In Chapter 4, we demonstrated that vapor losses on the chamber wall can lead to 

substantially underestimated SOA formation, by factors as much as 4. Accounting for 

such losses has the clear potential to bring model predictions and observations of organic 

aerosol levels into much closer agreement. 

    In Chapter 5, we developed an experimental protocol and a model framework to 

constrain the vapor-wall interactions in Teflon chambers. We measured the wall 

deposition rates of 25 oxidized organic compounds generated from the photooxidation of 

isoprene, toluene, α-pinene, and dodecane in two chambers that had been extensively 

used and in two new unused chambers. We found that the extent of prior use of the 

chamber did not significantly affect the sorption behavior of the Teflon films. By 

optimizing the model output to the observed vapor decay profiles, we identified that the 

dominant parameter governing the extent of wall deposition of a compound is its wall 

accommodation coefficient (αw,i), which can be correlated through its volatility with the 

number of carbons and oxygens in the molecule. Among the 25 compounds studied, the 

maximum wall deposition rate is exhibited by the most highly oxygenated and least 

volatile compounds. 
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2.1 Abstract 

Secondary organic aerosol (SOA) formation from a volatile organic compound (VOC) 

involves multiple generations of oxidation that include functionalization and 

fragmentation of the parent carbon backbone and, likely, particle-phase oxidation and/or 

accretion reactions.  Despite the typical complexity of the detailed molecular mechanism 

of SOA formation and aging, a relatively small number of functional groups characterize 

the oxidized molecules that constitute SOA.  Given the carbon number and set of 

functional groups, the volatility of the molecule can be estimated.  We present here a 

Functional Group Oxidation Model (FGOM) that represents the process of SOA 

formation and aging. The FGOM contains a set of parameters that are to be determined 

by fitting of the model to laboratory chamber data: total organic aerosol concentration, 

and O:C and H:C atomic ratios. The sensitivity of the model prediction to variation of the 

adjustable parameters allows one to assess the relative importance of various pathways 

involved in SOA formation.  An analysis of SOA formation from the high- and low-NOx 

photooxidation of four C12 alkanes (n-dodecane, 2-methylundecane, hexylcyclohexane, 

and cyclododecane) using the FGOM is presented, and comparison with the Statistical 

Oxidation Model (SOM) of Cappa et al. (2012) is discussed. 

2.2 Introduction 

Development of a predictive model for secondary organic aerosol (SOA) formation and 

evolution represents one of the most challenging problems in atmospheric chemistry. In 

principle, the benchmark for describing SOA formation is a fully explicit chemical 

model, based on a complete multi-generation gas-phase oxidation mechanism for the 
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parent VOC. A quintessential example is GECKO-A, in which an exhaustive gas-phase 

VOC oxidation mechanism is generated automatically based on chemical kinetic and 

mechanistic specifications (Aumont et al., 2005; Camredon et al., 2007; Lee-Taylor et al., 

2011; Aumont et al., 2012). Vapor pressures are estimated (based on group-contribution 

methods) for each of the thousands of products generated in the mechanism, from which 

gas-particle partitioning equilibrium constants are computed. The overall yield of SOA 

for the system as well as its complete chemical make-up are predicted. In such an explicit 

model, the predictions depend critically on the chemical rules and reaction rate constants 

imbedded in the mechanism. For the types of highly functionalized compounds involved 

in SOA formation, experimentally verified rate constants and mechanisms are generally 

available for only the first few steps of oxidation. Nonetheless, an explicit model like 

GECKO-A or MCM 3.1 (Jenkin et al., 1997; Saunders et al., 2003; Bloss et al., 2005) 

embodies the current state of understanding of atmospheric reaction mechanisms. The 

molecular vapor pressure prediction method used also plays an important role in the 

overall SOA yield predicted (Valorso et al., 2011), although this is the case for any SOA 

model incorporating specific or lumped gas-phase photochemical mechanisms. Whereas 

it is desirable to embody within a model as much basic understanding of the SOA 

formation and evolution process as possible, it is necessary to keep in mind that an 

important goal of SOA model development is a computational module that can be 

included in 3-dimensional atmospheric chemical transport models. Consequently, the 

challenge is to balance the desire for chemical fidelity with the need for computational 

feasibility.  
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    Aerosol Mass Spectrometer (AMS) measurements of organic aerosols, now a routine 

component of atmospheric measurements and chamber experiments, enable derivation of 

the atomic O:C and H:C ratios of SOA, from which one can infer its overall oxidation 

state (Kroll, et al., 2011). The volatility of SOA is not generally measured routinely, 

although the volatility of the organic mixture is an essential property of SOA formation. 

Any SOA model requires a prediction of aerosol volatility, which is related to the 

molecular properties of the components comprising the SOA, as embodied, for example, 

in carbon number and oxidation state. The relationship between oxidation state and 

volatility is not unique; that is, molecular mixtures with the same overall oxidation state 

do not necessarily exhibit the same overall volatility. 

    The traditional approach to representing SOA formation, as embodied in the 2-product 

model (Odum et al., 1996), is based on fitting an empirical gas-particle partitioning 

model to chamber SOA yield data as a function of the mass concentration of absorbing 

aerosol. The Volatility Basis Set (VBS) (Donahue et al., 2006) is an extension of the 2-

product concept, in which VOC oxidation products are assigned to volatility “bins” 

spanning the range of ambient organic effective saturation mass concentrations (C*). As 

the oxidation products undergo multi-generation reaction (often referred to as “aging”), 

each generation of reaction products is assigned to a volatility class (Robinson et al., 

2007). The extent of gas-particle partitioning associated with each volatility bin depends 

on both the C* of that class and the total mass concentration of the absorbing medium 

(Mo). The stoichiometric assignments of oxidation products to volatility classes are 

determined through fitting the model to chamber data.  
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    Compelling evidence exists from field observations that current SOA models 

consistently underpredict ambient organic aerosol concentration (Tsigaridis and 

Kanakidou, 2003; Heald et al., 2005, 2006; Volkamer et al., 2006; Jimenez et al., 2009). 

Such underprediction is almost certainly a result of a number of factors. First, the 

traditional SOA models on which these earlier modeling studies are based generally do 

not account explicitly for degree of oxidation and aging, aspects that are key to prediction 

of SOA formation. Second, the laboratory chamber data on which current models are 

based generally do not exhibit the degree of oxidation observed in atmospheric organic 

aerosol. Finally, the VOC and POA emission inventories that drive atmospheric models 

in all likelihood understate the fluxes of key SOA-forming species.  

    Three recent studies have been directed at a next generation of SOA models. Pankow 

and Barsanti (2009) introduced the “carbon number - polarity grid” (CNPG) framework. 

They expanded the “2-product” concept to the “np+mP” approach (n products with m 

possible types of very low volatility compounds) to represent the lumped oxidation and 

accretion products (Barsanti et al., 2011). Three levels of reactions (the oxidation of 

parent hydrocarbon and n products, and the formation of m particle-phase compounds) 

are included to represent the complexity of the mix of condensable primary and 

secondary compounds as a function of time. Donahue et al. (2011, 2012 a, b) developed 

the two-dimensional Volatility Basis Set (2D-VBS) employing saturation mass 

concentration and the degree of oxidation (The average oxidation state of aerosol, OSC 

(2×O:C – H:C), can be used interchangeably with the O:C ratio.) to describe the coupled 

aging and phase partitioning of organic aerosol. A point in the 2-D space represents an 

ensemble of molecules with the same C* and OSC. In the 2-D VBS space, if the number 
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of carbon atoms, nC, in the carbon backbone does not change during oxidation, products 

will form along lines of constant nC, i.e., lines extending from the lower right (high C* vs. 

low OSC) to the upper left (low C* vs. high OSC). When chamber data are available, the 

volatility distribution of the products is obtained by SOA mass yield fitting. The products 

are spread over the OSC coordinate to produce a distribution that matches bulk AMS data 

and any known products. Cappa and Wilson (2012) formulated the Statistical Oxidation 

Model (SOM) that describes SOA formation as a statistical evolution in the space of 

numbers of carbon and oxygen atoms, nC and nO, with fitting parameters that govern the 

probability of fragmentation vs. functionalization, the number of oxygen atoms added per 

functionalization reaction, and the decrease in vapor pressure accompanying addition of 

an oxygen atom.  

    The new generation of models, as exemplified by the 2D-VBS and the SOM, 

represents SOA formation and evolution in terms of the competition between 

functionalization and fragmentation, the extent of oxygen atom addition, and the change 

of volatility. As in the earlier generation of SOA models, predictions can be adjusted to 

fit laboratory chamber data by determination of the optimal values of a number of 

parameters in the model. (This is in contrast to the fully explicit chemical model, for 

which rate constants and branching ratios are generally specified a priori based on 

structure-activity relationships, for example.) We present here a new variation of the 

SOA model that is based on explicit chemical information in terms of the types of 

functional groups that result from the oxidation of a parent VOC. We term this the 

Functional Group Oxidation Model (FGOM). As in the 2D-VBS and the SOM, the 

FGOM is characterized by a set of parameters that are determined by analysis of chamber 
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data. Key issues that must be addressed in SOA model development include: (1) In 

fragmentation, does C-C bond scission occur at any of the C-C bonds in the molecule or 

does the model specify, for example, that fragmentation always produces C1 and Cn-1? (2) 

How important are particle-phase reactions to the evolution of SOA, and how is such 

chemistry represented? (3) To what extent does particle phase chemistry increase the 

oxidation state of the aerosol and what is its effect on particle volatility? Such issues have 

important implications for simulations of the overall mass concentration of SOA and its 

oxidation state. 

    We first describe the development of the FGOM, and then apply it to SOA formation 

from the low- and high- NOx  photooxidation of four C12 alkanes. An important aspect of 

the present work is a comparison of the FGOM to the SOM, both of which are built on a 

similar foundation. It turns out that, even with the number of adjustable parameters, 

complete matching to organic aerosol mass concentration and O:C and H:C ratios over 

the course of an oxidation is challenging. Assessing the sensitivity of predictions to 

assumptions made in the model development is crucial in interpreting results of its 

application.  

2.3 Development of a Functional Group Oxidation Model (FGOM) 

SOA formation from a parent VOC involves multiple generations of oxidation coupled to 

gas-particle partitioning. Note that a “generation” is simply the number of times that a 

molecule has reacted with oxidants (OH, O3 or NO3), starting from the parent VOC. In 

the general process depicted in Fig.1, Si
 g represents the spectrum of gas-phase products at 

the ith generation, each product having its own chemical identity and volatility. The multi-
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generation progression of the chemistry is characterized by a competition between 

functionalization and fragmentation. Each Si
 g

 may, in principle, partition to the aerosol 

phase, Si
 p. Once in the aerosol phase, Si

 p  may itself undergo chemical reaction. In Fig. 1, 

these reactions are assumed to parallel mechanistically those in the gas-phase, although 

that assumption need not be invoked. The particle-phase species may be converted to 

essentially non-volatile compounds, denoted N p by reactions that can be either non-

oxidative or oxidative in nature (Kroll and Seinfeld, 2008). The non-oxidative reactions 

are typified by the association of two condensed-phase organic molecules.  

    The schematic in Fig. 1 defines the overall structure of the Functional Group Oxidation 

Model (FGOM). We term the model FGOM, in that a comprehensive chemical 

mechanism, such as MCM 3.1 or GECKO-A, is used to predict the types of functional 

groups that characterize the oxidation of the parent organic molecule, yet the detailed 

mechanism is not employed in the model itself. With the carbon number and the 

spectrum of functional groups specified, the vapor pressure of the compound defines the 

relationship between S i
g and Si

 p. Because the full chemical mechanism of SOA formation 

is not generally known, predictive SOA models built upon chamber data are 

characterized by a set of parameters, the values of which are determined by optimal 

fitting to experimental data. Gas-phase oxidant (e.g. OH, O3, and NO3) concentrations 

need to be specified based on chamber conditions. The quantitative behavior of the 

FGOM is expressed by a set of kinetic equations for Si
 g, Si

 p, and N p. 



 2-9 

2.3.1 Functionalization 

The essential nature of functionalization is the addition, for a particular parent VOC, of a 

certain number and type of functional groups at each generation of reaction. The 

mechanism underlying the addition of different functional groups is guided by the 

specific chemistry. More than one functional group can be added per generation, and the 

types of functional groups added vary by generation. Reaction rate constants for different 

functionalization steps are lumped according to the structure of the parent VOC molecule 

and the chemical transformation of different functional groups based on structure-activity 

relationships (Kwok and Atkinson, 1995). For purpose of discussion, one can consider 

OH reaction as the oxidative process in SOA formation, although, if appropriate, other 

oxidants, such as O3 and NO3 can be considered as well. Consideration of the general 

mechanism of OH oxidation allows one to identify the types of functional groups 

involved. OH-initiated oxidation leads to a peroxy radical (RO2), the fate of which 

controls the SOA-forming mechanism (Kroll and Seinfeld, 2008).  At sufficiently low 

NOx concentrations, RO2 self-reactions will dominate the fate of  RO2: 

   RO2  + HO2    → ROOH + O2 

   RO2  + RO2    → 2RO  + O2 

       → RCHO + ROH 

                                                              → ROOR + O2 

In the presence of sufficient NOx, RO2 reacts preferentially with NO and NO2, e.g. 

              RO2  + NO   → RO  + NO2 

      → RONO2 
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Alkoxy radicals (RO) formed either isomerize through a 1,5 H-atom shift to a δ-

hydroxyalkyl radical, which introduces an extra OH group, react with O2 to form 

carbonyls, or undergo fragmentation. Thus, functional groups introduced from peroxy 

radical reactions include hydroperoxide (–OOH), nitrate (–ONO2), hydroxyl (–OH), and 

carbonyl (–C=O). If the parent hydrocarbon contains a non-aromatic ring, decomposition 

of the RO will not lead to a decrease of carbon number. The addition of OH introduces an 

extra hydroxyl group to the parent hydrocarbon. Addition of OH to an aromatic ring is 

mechanistically different from that to a C=C bond. The progressive photochemical 

reactions of oxidation products proceeds by:  (1) H-atom abstraction from C–H bonds 

and, to a lesser extent, from the O–H bond of alcohols; (2) H-atom abstraction from C–H 

bonds of carbonyls; (3) oxidation of –OOH and –ONO2 groups; and (4) Photolysis of –

OOH and –ONO2 groups.  

    The addition of various combinations of these four groups via photochemical oxidation 

accounts for a majority of the gas-phase reactions involving semi-volatile product aging. 

This assumption is based on observations pertinent to the photooxidation of VOCs and 

IVOCs (alkanes, alkenes, terpenes, and aromatics). Progressive gas-phase oxidation of 

VOC leads to the formation of oxygenated products that include alcohol, ketone, 

aldehyde, carboxylic acid, alkyl nitrate, hydroperoxide and/or peroxyacyl nitrate 

functional groups (Atkinson, 2000). Additional functionalities, such as ether and ester 

groups, are also found in smaller amounts. Most of these moieties are assumed to be 

represented by a combination of the four surrogate functional groups with comparable 

chemical identities (volatility and oxidation state): 1) Carbonyl and aldehyde share 

similar chemical and physical properties. The decreases of the logarithm of vapor 



 2-11 

pressure upon the addition of –CHO and –C=O are predicted by SIMPOL.1 to be 1.3196 

and 0.9364, respectively. In EVAPORATION, these two functional groups have the same 

contribution (ΔLVP = 1.1951) to the vapor pressure decrease; 2) Carboxylic acid can be 

represented by the sum of –C=O and OH. Based on the prediction of SIMPOL.1, the 

decrease of the logarithm of vapor pressure upon the addition of one –C(O)OH group is 

3.5121, which is roughly similar to the sum of ΔLVP values, 3.3114, upon the addition of 

one –OH (ΔLVP = 2.1834) and one –C=O (ΔLVP = 1.1280) group. The increase of 

oxidation state resulting from the addition of –C(O)OH or the sum of –OH and –C=O is 

the same, i.e. 6/nC. In view of this, the formation of a carboxylic group, which results 

from the H-atom abstraction from aldehyde, can be considered as the addition of a –OH 

group onto a carbonyl group; and 3) The contribution of an ether group to vapor pressure 

is close to that from carbonyl. Epoxides have been observed from the photooxidation of 

isoprene under low-NOx conditions (Paulot et al., 2009). The contribution of the 

formation of an epoxide group to ΔLVP and ΔOSC are ~ 0.7948 and 4/nC, respectively, 

compared with 1.1280 and 4/nC by the addition of one –C=O group. Note that the 

structure-property relationships used in vapor pressure prediction models are more 

complicated (Camredon and Aumont, 2006) and the vapor pressures of a large subset of 

organics in the atmosphere can not be simply represented by the four functional groups 

identified in this study. The functionalization channel in FGOM is a generalized 

predictive technique that is intended to capture key processes. The set of functional 

groups in FGOM that characterize the progressive oxidation reactions can, in principle, 

be expanded and updated for different hydrocarbon systems. 
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    Particle-phase oxidative reactions can occur via heterogeneous OH uptake to particles 

and OH-initiated oxidation in the bulk (e.g., Ravishankara, 1997; Knopf et al., 2005; 

Zahardis and Petrucci, 2007; Shiraiwa et al., 2011). As noted, we will assume that 

particle-phase oxidation reactions proceed in parallel with and via the same chemical 

mechanisms as in the gas phase. The reaction rate of OH oxidation of compound ‘X’ in 

the particle phase can be expressed as: 

d[X]p
dt = kp' [X]p                                                          (2.1) 

where  kp’, the pseudo first-order particle-phase reaction rate constant, is related to the 

corresponding gas-phase reaction by kp’=rpkg[OH]g, and where kg is the corresponding 

gas-phase bimolecular reaction rate constant, [OH]g is the gas-phase OH radical 

concentration, and rp is the ratio of the OH reaction rate constant in the particle phase to 

that in the gas phase. rp is one of the free parameters of the model. Since particle size 

dependence of the kinetic parameters is not considered in the model, size dependence of 

rp is not accounted for.  

2.3.2 Fragmentation 

More heavily oxidized molecules can fragment more easily (Kroll et al., 2009). 

Fragmentation thus tends to lead to a reduction in the ability to form organic aerosol. The 

probability of fragmentation f for a stable molecule has been proposed to be represented 

as a function of the O:C ratio of the molecule (Jimenez et al., 2009; Murphy et al., 2011, 

2012; Cappa and Wilson, 2012; Chacon-Madrid et al., 2012; Donahue et al., 2012 b): f = 

(O:C) fv, where fv is a parameter to be determined by fitting of data. Fragmentation does 

not necessarily substantially change the average O:C ratio of SOA; fragmentation leads to 
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products with fewer carbon and, generally, more oxygen atoms, although the ultimate 

contribution of these products to the SOA mass depends on their volatilities. Species with 

a higher O:C ratio have a greater probability of fragmentation. In this way, fv is a key 

factor that influences the total organic aerosol mass concentration. 

    In the SOA model structure, it is necessary to make an assumption concerning the 

mechanism of fragmentation. In the SOM, the distribution of fragments is computed in 

two alternative ways: (1) A random probability for the location of the C-C bond scission, 

thus affecting the resulting size of the scission product; and (2) Fragmentation leads to 

production of only C1 species, along with the appropriate co-product. Cappa and Wilson 

(2012) found that the “random fragmentation” and the “one carbon loss fragmentation” 

yield a very similar set of optimal parameters for chamber-generated α-pinene SOA. The 

2-D VBS assumes that the C-C bond scission from the precursor is randomly distributed 

along the carbon backbone. The distribution of products over the OSC-nC space is 

computed in such a way that the less volatile bins to the left of the midpoint bin 

(nominally Cn/2) have the same O:C as the precursor, while the more volatile bins to the 

right of the midpoint bin progress diagonally towards the bin with highest O:C (i.e., 

C*=109 µg/m3, O:C = 1.0). Half of the products formed from the first-step fragmentation 

are assumed to be intermediates that can undergo further functionalization. As a result, a 

number of heavy fragments with similar C* and O:C as their precursors are produced. We 

invoke here the assumption that fragmentation leads to the formation of a one-carbon 

compound (C1), which is formaldehyde, together with a co-product (Cn-1) that has the 

same collection of functional groups but one fewer carbon atom than the parent 

compound. The “random fragmentation” assumption in SOM acts to rapidly distribute 
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mass over the entire nC vs. nO space. The initial products upon the first-step 

fragmentation in the 2-D VBS form a “hockey stick” shape, and the further oxidation of 

half of the initial products fills a wide area in the O:C vs. C* space (Jimenez et al., 2009; 

Donahue et al., 2012). The “one carbon loss fragmentation” assumption leads to a 

somewhat slower progression of prediction of smaller fragments. These three different 

assumptions concerning the mechanism of fragmentation lead eventually to a similar 

final state characterized by a distribution of intermediates of a more volatile and 

oxygenated nature.  

    The role of fragmentation is evident in the chemical mechanisms shown in Fig. 2. It is 

assumed that any of the hydrogen atoms on a secondary carbon is more or less equally 

vulnerable to OH attack, so instead of the exact structure of a specific molecule, we focus 

on the type and number of functional groups associated with a carbon backbone. Under 

low-NOx conditions, photolysis of –OOH groups and peroxy-peroxy reactions are the 

primary pathways leading to scission of the carbon skeleton.  In the domain of low-NOx 

RO2 + HO2 dominated chemistry, the photolysis of an –OOH group generates an alkoxy 

radical, which decomposes to a carbonyl group (formaldehyde in the C1+Cn-1 case) and an 

alkyl radical (R). Reaction of R with O2 followed by reaction with HO2 regenerates the –

OOH group; In RO2 + RO2 dominated chemistry, the self-reaction of RO2 produces –

C=O, –OH, and RO. The decomposition of RO leads to –C=O and R’. R’ reacts solely 

with O2 to form R’O2, which can initiate another RO2 + RO2 or RO2 + HO2 cycle. Under 

high-NOx conditions, RO is produced primarily from the photolysis of –ONO2 and RO2 + 

NO reactions. RO decomposes to a carbonyl and an alkyl radical, which reacts with O2 to 

reform RO2. In the presence of a sufficiently high concentration of NOx, RO2 will 
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preferentially react with NO to form an alkoxy radical or a –ONO2 group again. We shall 

take –ONO2 as the only functional group formed upon the photolysis of –ONO2 because 

of its larger contribution to the decrease of vapor pressure than the fragments from the 

decomposition of an alkoxy radical. We also assume that the OH oxidation of an alcohol 

produces solely a carbonyl, so the presence of –OH will not affect the type of functional 

groups added upon fragmentation.  

2.3.3 Volatility Estimation 

In fragmentation, if sufficient addition of functional groups takes place, each of the 

products may still have a sufficiently low vapor pressure to be considered as semi-

volatile. A critical feature of the model is a relationship between saturation mass 

concentration, C°, and the carbon number of a compound.  

    From the point of view of predicting physical properties, description in terms of 

functional groups tends to be more useful than in terms of elemental composition. But, by 

the same token, the experimentally measureable quantities tend to be best related to 

elemental composition. In order to reconcile these two approaches to molecular 

characterization in terms of SOA, it is useful to develop a correlation that relates vapor 

pressure of a pure component (or C°) to both functional groups and elemental amounts. 

The theory underlying this approach will be developed generally and subsequently 

applied in analysis of SOA formation from C12 alkanes.  

    Frequently used vapor pressure estimation methods are based on expressing the 

logarithm of vapor pressure as a linear combination of contributions from individual 

functional groups (Capouet and Müller, 2006; Pankow and Asher, 2008; Compernolle et 
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al., 2011). On the other hand, an approximate linear relationship between C° and 

elemental composition, as developed by Donahue et al. (2011), proves to be 

advantageous. Here we merge the “group contribution” and “element contribution” 

methods in order to relate the carbon number to a given saturation concentration of a 

compound i. The resulting expression is 

log10
106pL,i

 0 (12nC i  + hnC i  + 16nO i  + 14nN i )
RT  =  

nC 0  - nC i bC  - nO i bO  - 2
nC inO i

nC i+nO
 i bCO  - nfunc i bfunc                                                              (2.2) 

where 106 is a unit conversion (g/m3 to µg/m3), bC is the carbon-carbon interaction term, 

bO is the oxygen-oxygen interaction term, bCO is the carbon-oxygen interaction term, bfunc 

is the interaction term for different functional groups, nC 0 is the reference carbon number, 

nC i  is the carbon number of compound i, nO i  is the oxygen number of compound i, nN i  is 

the nitrogen number of compound i, nfunc i  is the number of different functional groups in 

compound i, and h is the ratio of hydrogen number to carbon number of compound i. For 

the application to the alkane system to be presented, we have determined nC 0, bC, bO, bCO, 

and bfunc by fitting the above equation to the estimated vapor pressures of 1080 standard 

aliphatic compounds. After optimal fitting of equation (2) to the standard compound 

vapor pressures, the predicted carbon number of a compound lies within the range of 

10% uncertainty of its actual value. 

    To illustrate the application of the volatility-composition correlation, consider the 

mechanism of the OH-oxidation of dodecane (C12H26). For a typical ambient organic 

aerosol loading of several µg/m3, let us assume for purpose of illustration that any 
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compound with the saturation concentration less than 103 µg m-3 can partition 

appreciably to the particle phase. The grey shaded region in Fig. 3 defines the particle 

phase “boundary” for compounds having carbon numbers 12 and fewer. The lines define 

the carbon number range and types of functional groups for oxidation products of 

dodecane under low-NOx conditions. The magenta line in the lower left hand corner of 

the grey shaded region, for example, indicates that a product with two –OOH groups and 

12 to 7 carbon atoms has sufficiently low volatility to lie in the semi-volatile region 

defined by C° < 103 µg m-3. However, the cyan line in the upper right hand corner of the 

“condensable region” indicates that a molecule with only one –C=O group would need at 

least 17 carbon atoms to fall into the semi-volatile region. This would necessitate some 

types of accretion reaction to occur given the C12 parent molecule. The trade-off between 

functionalization and fragmentation in the volatility of the products becomes evident in 

such a graphic representation.  

2.3.4 Gas-particle Partitioning 

Gas-particle equilibrium partitioning of semi-volatile products is assumed. From Raoult’s 

law, pi = pL,i
 0 γiχi, where pL,i

 0  (atm) is the vapor pressure of compound i as a liquid, γi is its 

activity coefficient on the mole fraction basis, and 𝜒i is the mole fraction of compound i 

in the particle phase. When multiple condensed-phase compounds exists, the gas-particle 

partition coefficient Kp,i (m3/µmol) of compound i is expressed as: 

Kp,i = 
Si

 p/ST
 p

Si
 g = 

RT
106pL,i

 0 γi
                                                      (2.3)  
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where Si
 g is the molar concentration (µmol/m3) of i in the gas phase; Si

 p is the equilibrium 

molar concentration (µmol/m3) of i in the particle phase; ST
 p is the molar concentration 

per unit volume of air (µmol/m3) of all the species in the absorbing organic particle 

phase. R (m3 atm mol-1 K-1) is the gas constant, and T (K) is temperature. The effective 

saturation concentration Ci
*  (µg/m3) is expressed as: 

Ci*= 
Ci

 gCT
 p 

Ci
 p = 

106pL,i
 0 γiMw
RT                                                    (2.4)  

where Ci
 g is the mass concentration (µg/m3) of i in the gas phase; Ci

 p is the equilibrium 

mass concentration (µg/m3) of i in the particle phase; CT
 p is the mass concentration per 

unit volume of air (µg/m3) of all the species in the absorbing organic particle phase. Mw is 

the average molecular weight of the absorbing organic particle phase (g/mol). Thus the 

fraction of i in the particle phase, ϕi
 p is: 

ϕi
 p= 

1
1 + 1 / (Kp,iST P)

= 
1

1 + Ci* / CT P
                                     (2.5) 

Note that the mole fraction based activity coefficient is assumed to be unity here. Non-

ideal interactions between organic and inorganic species in the aerosol phase influence 

the gas/particle partitioning of semi-volatiles. Thermodynamic models show that the 

saturation concentration of species i is usually overpredicted by assuming ideal 

condensed phase behavior, and the extent of overprediction differs by functional groups 

and is affected by aerosol water content, as well as temperature and SOA loading (Zuend 

et al., 2010, 2012). Inclusion of particle-phase nonideality and phase separation is beyond 

the scope of the current study. 
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2.3.5 Particle-phase accretion reactions 

Recent modeling studies have suggested that dehydration reactions in the particle phase 

can play an important role in determining the characteristics of the oxidation state (Chen 

et al., 2011; Cappa and Wilson, 2012), although the detailed mechanisms are uncertain. 

In the present FGOM framework, particle-phase accretion reactions (non-oxidative) are 

allowed to occur and assumed to generate essentially non-volatile products. These 

reactions are treated as bimolecular, with a reaction rate constant ka (m3 mol-1 s-1), which 

is a fitting parameter of the model. We assume that all of these non-volatile compounds 

can be represented as a single generalized species, which is characterized by its time-

dependent molar amount and the set [Cx, Hy, Oz], where the parameters x, y, and z 

represent the numbers of carbon, hydrogen, and oxygen atoms characterizing the non-

volatile particle-phase composition. The parameters x, y, z are tunable parameters of the 

model. Note that certain limits are set for mathematically optimizing the x value in order 

to conserve the carbon mass: the upper limit of the x value is the sum of carbon numbers 

of two molecules with the parent carbon skeleton and the x value can not be lower than 

the sum of carbon numbers of two molecules that have the lowest carbon numbers in the 

category of semi-volatile compounds defined by equation (2). The oxygen and hydrogen 

masses are not conserved in the specification of y and z, in view of the formation of water 

molecules during the oligomerization processes.   

2.3.6 Summary of the Functional Group Oxidation Model (FGOM) 

The structure of the FGOM is summarized as follows. The type and number of functional 

groups added to the parent molecule over multi-generation oxidation are specified from 
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consideration of an explicit chemical mechanism, such as GECKO-A or MCM (MCM is 

employed in the current FGOM model structure). As functionalization proceeds, a 

spectrum of products that are characterized by various combinations of functional groups 

together with the parent carbon backbone is generated. The accompanying fragmentation 

leads to products with the same functional groups as the parent product but with fewer C 

atoms. The automatically generated fragments are subject to the same oxidation 

mechanisms as the parent products. Vapor pressures of oxidation products are estimated 

by the vapor pressure prediction model “EVAPORATION” (Compernolle et al. 2011). 

Products formed partition to the particle phase, where they may either be oxidized 

following the same gas-phase mechanism, or undergo accretion reactions. The model 

contains six tunable parameters: rp, the ratio of the particle-phase oxidative reaction rate 

constant to that in the gas phase; fv, the parameter characterizing the probability of 

fragmentation; ka, the accretion reaction rate constant in the particle phase; and a matrix 

[Cx, Hy, Oz] of the carbon, hydrogen, and oxygen numbers of the non-volatile products. 

These six parameters are incorporated in a set of differential equations governing the 

kinetics of all the species in the mechanism. The differential equations are solved 

numerically, with instantaneous equilibrium partitioning calculated at each time step. The 

number of differential equations for a certain VOC system depends on the chemical 

nature of the parent hydrocarbon (e.g., structure, volatility, etc.) and the complexity of the 

functionalization mechanism. Evolution of these six parameters describes the gas- and 

particle-phase chemistry, together with the instantaneous equilibrium partitioning 

process. Their values are determined by optimal fitting of the model simulations of 

organic mass growth and elemental compositions with laboratory chamber data (organic 
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aerosol mass, O:C, and H:C). These three properties are equally weighted to constitute 

the overall optimization objective function. The Levenberg-Marquardt method 

implemented in MATLAB’s “System Identification Toolbox” (MathWorks, 2002) is used 

for the nonlinear minimization. The essential feature of the FGOM model that 

distinguishes it from explicit chemical models is the simplified treatment of 

fragmentation processes: the fragmentation operator (in the form of fv) is applied to 

determine the probability that a given stable molecule will fragment, instead of 

accounting for the detailed free radical chemistry.  Owing to the consideration of carbon-

number conserved oxidation reactions based on the explicit chemistry, the FGOM model 

differs from the 2-D VBS or SOM models in terms of the treatment of particle-phase 

oxidative and non-oxidative reactions through the parameters rp, ka, and [Cx, Hy, Oz].  

2.4 Application to SOA Formation for C12 Alkanes 

The Functional Group Oxidation Model is applied to predict SOA formation from the 

OH-initiated oxidation of four C12 alkanes (dodecane, methylundecane, 

hexylcyclohexane, and cyclododecane) under both high- and low- NOx conditions. 

Experiments were carried out in the dual 28 m3 Teflon reactors in the Caltech 

Environmental Chamber. Detailed descriptions of experimental protocols can be found 

elsewhere (Yee et al., 2012; Craven et al., 2012). Experimental conditions are 

summarized in Table 1. Different OH radical sources were employed to achieve high- 

and low- NOx levels. For low-NOx conditions, experiments were designed to capture 36 h 

of total photooxidation during which the OH concentration produced from the photolysis 

of H2O2 remains essentially constant. Under high-NOx conditions, the OH source is 
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HONO. The photolysis rate of HONO is about an order of magnitude higher than that of 

H2O2, leading to a depletion of OH within ~ 3 h. For both cases, the time-dependent OH 

concentration can be obtained by optimal fitting of the predicted parent hydrocarbon 

decay with its measured temporal profile.  Three measured SOA properties, i.e., organic 

mass growth, O:C ratio, and H:C ratio, are employed to constrain the performance of 

FGOM. Two simulations were run for each C12 alkane system: sim.1, the full fitting of 

the six empirical parameters in the FGOM to the chamber data, and sim.2, fitting two 

parameters “fv” and “rp” to the organic mass concentration. The best-fit parameters 

obtained for the four C12 alkanes for both high-NOx and low-NOx conditions are given in 

Table 2.  

    Questions associated with the application of FGOM are: 1) How well does the model 

reproduce the measured SOA properties? 2) Are all six parameters equally influential in 

terms of representing SOA formation and evolution? and 3) How well do these 

mathematically best-fit parameters express the actual chemistry thought to be occurring 

in the system? Some general findings include: fv values are generally lower under high-

NOx conditions, indicating more intense fragmentation. The abundance of RO is the most 

important determinant of the degree of fragmentation. In the presence of NOx, the 

primary fate of RO2 is reaction with NO, producing RO. All of the low-NOx experiments 

fall into the HO2 + RO2 dominant regimes, as > 95% RO2 will react with HO2. Although 

the photolysis of the –OOH group formed from HO2 + RO2 reaction leads to the 

formation of RO, the yield of RO via this path is still an order of magnitude lower than 

under high-NOx conditions. In addition, fv values for cycloalkanes are higher than those 

for straight-chain alkanes, which is consistent with the mechanism of the decomposition 
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of RO in a non-aromatic ring. Optimal rp values for the eight alkane systems range from 

10-3 to 10-1, that is, the particle-phase oxidation reaction rates are predicted to be at least 

one order of magnitude slower than those in the gas phase. The role of particle-phase 

oxidative reactions in the SOA formation from C12 alkanes is, therefore, not strongly 

influential during the initial period of time. However, for species with very low vapor 

pressure (e.g., 1×10-11 atm), 99.8 % of which will end up being in the particle phase at a 

moderate organic aerosol loading, e.g., 40 µg/m3, particle-phase oxidative reactions are 

as influential as those in the gas phase even if rp is of the order of 10-3. Most semi-volatile 

products generated from the functionalization channel of the FGOM have vapor pressure 

higher than 10-10 atm, and as a result, their particle-phase oxidative reactions are 

predicted to be a minor path when rp is less than 10-1, a prediction that is consistent with 

field and experimental evidence (Murphy, et al., 2007; DeCarlo et al., 2008; George et 

al., 2008; Lambe et al., 2009). Optimal ka values for the eight alkane systems range from 

103 to 104 m3 mol-1 s-1, indicating that accretion reactions occurring in the particle phase 

are predicted to play an important role in SOA properties, given the high local 

concentrations of the species in the condensed phase. Take the low-NOx photooxidation 

of dodecane as an example; the predicted non-volatile species eventually account for ~ 

30% of the total organic aerosol, see Fig. 9. Optimal values of the matrix [Cx, Hy, Oz] for 

the eight systems indicate a highly dehydrated nature of the non-volatile species. Since 

the explicit particle-phase reaction mechanisms in these systems are not yet clear, one 

cannot assess unambiguously the effect of particle-phase reactions on the SOA aging. We 

will return to the importance of the five particle-phase parameters in Section 3.3.  
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2.4.1 Organic Aerosol Growth  

The predicted (FGOM) temporal profiles of organic aerosol mass (COA), together with the 

wall-loss-corrected chamber data, for the four C12 alkane systems based on the optimal fit 

parameters in Table 2 are shown in Fig. 4. SOA yields under high-NOx conditions are 

lower than those under low-NOx conditions because of both the shorter OH radical 

exposure time and the more intense fragmentation in the presence of NOx. The SOA 

growth curves under various NOx levels show different patterns. Particles start to grow 

immediately after the initiation of photochemistry under high-NOx conditions, whereas a 

short lag occurs before organic aerosol mass accumulates under low-NOx. The initial OH 

concentration under high-NOx conditions is an order of magnitude higher than that in 

low-NOx, which substantially accelerates the progression of multi-generation oxidation 

and consequently the early stage formation of low-volatility compounds. In addition, the 

RO chemistry occurring under high-NOx conditions leads to products spanning a wider 

range of volatilities after only one generation of oxidation.  

    The level off of COA at the end of the experiments is generally not captured for all the 

eight alkane systems. The level off could have resulted from re-evaporation of particles 

under low-NOx conditions and the cessation of OH production under high-NOx 

conditions. Reproduction of COA requires accurate representation of the trade-off between 

the fragmentation of semi-volatile products and the formation of particle-phase non-

volatile products, which results in an accumulation of total particle organic mass. The 

COA growth curves for cyclododecane under high-NOx conditions are not as closely 

simulated as for the other alkanes. For cyclododecane, particles are observed to grow 

fairly rapidly after the inception of photooxidation.  
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    An essential feature of the FGOM is the prediction of the emergence of a spectrum of 

functional groups as the oxidation proceeds. For the alkanes investigated here, the C12 

backbone is not predicted to break until 3 – 5 functional groups have been added to the 

parent chain. As a result, 7 – 8 generations of oxidation are predicted to occur until the 

last remaining C12 backbone is fragmented. In the FGOM model, every possible 

oxidation step leading to functionalization is implicitly considered in the generalized 

mechanism. The extent to which aging proceeds then depends on the availability of 

oxidants. Figure 5 shows the predicted contribution of different generations of products 

to the total organic aerosol mass for the eight alkane systems. The OH exposure time 

under low-NOx conditions is, on average, ~ 3 times higher than that under high-NOx 

conditions. As a result, the 2nd and 3rd generation products are dominant components at 

high-NOx, whereas 4th and later generation products account for over 50% of the total 

aerosol mass at the end of the low-NOx experiments. The temporal distribution of multi-

generational products reflects different chemical mechanisms governing the 

photochemistry under high- vs. low- NOx conditions. Due to the importance of RO 

chemistry in the presence of NOx, a spectrum of products spanning a large range of 

volatility and oxidation states are formed upon the OH initiated photooxidation. Under 

low-NOx conditions, products containing the –OOH group dominate the particle phase 

due to their low volatilities, although most of these are consumed rapidly in the gas 

phase. In general, the extent of agreement between predicted and observed chamber data 

for the initial SOA growth depends on the matrix of functional groups generated as 

oxidation proceeds. For example, GECKO-A generates 2% trifunctional species in the 

first-generation products from C16 alkanes (Aumont et al., 2012), products that are not 
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included in MCM 3.1. Because of their low volatility, a small amount of trifunctional 

species could contribute substantially to the particle mass. 

2.4.2 Elemental aerosol composition   

Wall-loss corrected chamber SOA yield data (i.e. yields computed accounting for particle 

deposition on chamber walls) have been used as a standard for the fitting of empirical 

models, such as the 2-product model and the 1-D VBS. The subtleties of using AMS 

derived atomic ratios (O:C and H:C) as well lie in the uncertainties in the AMS elemental 

analysis, which arise from variations in the ionization and fragmentation of compounds in 

the AMS and uncertainties in analysis of high-resolution mass spectra (Chhabra et al., 

2011). The ionization efficiency for different molecules varies, depending on the identity 

and structure of molecules being ionized. Uncorrected O:C and H:C tend to be biased low 

due to the neutral losses of oxygen- and hydrogen-containing fragments, such as H2O, 

CO2, H, and H2. As a result, the raw measurement of elemental composition requires 

calibration factors derived from the standard analysis. In this study, the calibration factors 

applied to AMS measured O:C and H:C are 0.75 and 0.91, respectively (Aiken et al., 

2007, 2008). The uncertainties in O:C and H:C ratios, defined as the average absolute 

value of the relative error of each data point from any standard analyzed with respect to 

the regression line, were measured to be 31% and 10%, respectively (Aiken et al., 2008). 

In this study, we use these two values as the upper boundaries, marked as gray error bars 

in Figures 6 and 7, considering the fact that organic aerosol is a mixture of thousands of 

pure compounds. A transient set of data points for a particular experiment serves as the 

basis for carrying out the fitting processes (Here these comprise the AMS derived O:C 
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and H:C). When comparing the optimal model fit with experimentally measured O:C and 

H:C, the model output can be considered to reasonably match the experimental ratios as 

long as the prediction falls within the gray region. 

    Figure 6 shows the measured and simulated particle average O:C ratios for the OH 

oxidation of dodecane, methylundecane, hexylcyclohexane, and cyclododecane. The 

experiments simulated here result in moderate levels of oxidation, i.e. O:C ~ 0.3 in the 

semi-volatile oxygenated organic aerosol (SV-OOA) range (Ng et al., 2010, 2011). Note 

that for a typical experiment, we first sample the purified chamber air with a filter in line 

to measure the organic loadings by AMS for three replicates and obtain the average 

organic loading value as the AMS detection limit. If the organic aerosol mass growth in 

the chamber is below the detection limit, that AMS measurement is deemed unreliable. 

For low-NOx experiments, particle growth usually starts after about 4 hours of reaction. 

During this initial period, the noise to signal ratio is high and data are deemed not 

reliable. The measured O:C ratio begins at zero and then rapidly increases as the early 

low volatility compounds condense. As COA increases, species with higher volatilities are 

capable of partitioning to the particle phase, causing O:C to decrease. The O:C trend thus 

represents a competition between the decrease due to the partitioning of higher volatility 

compounds with fewer O-atoms and the increase that results from partitioning of more 

oxygenated compounds as multiple generations unfold. Owing to less reliable data at the 

onset of AMS sampling, we consider the data points in the middle of the span, i.e. O:C ~ 

0.2  – 0.3, as the “standard” for the comparison with simulations from “sim.1”. 

Predictions under high-NOx conditions are generally consistent with the measured values. 

No increase in O:C ratio is observed because of the experimental depletion of OH 
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radicals after ~ 3 h reaction. In general, the O:C ratios under high-NOx conditions are 

predicted to be higher than under low-NOx conditions because the formation of –ONO2 

groups introduces more oxygen to the particles than the –OOH group. The agreement 

between predicted and measured O:C ratios under low-NOx conditions is less 

satisfactory. Simulations with solely gas-phase chemistry can reproduce the O:C trend, 

which is in agreement with our current understanding of SOA formation and aging driven 

by gas-phase photooxidation of semivolatiles, but fail to match the measured O:C values. 

When an oligomer formation channel is incorporated, the model output is capable of 

matching the measured O:C ratio eventually, but exhibits a different temporal profile 

pattern: while the observed O:C is rising, the modeled O:C is falling within ~ 20 h 

reaction. This results from the difference between the theoretical alkane SOA makeup 

and the chemical properties of actual alkane SOA measured by AMS in the chamber. 

Consider the dodecane low-NOx case (Figure 6) as an example: the starting point of the 

O:C ratio measured by the AMS is ~ 0.2, which means that a typical compound that is 

present in the particle phase with a C12 carbon backbone has, on average, 2.4 oxygen 

atoms. However, based on the vapor pressure prediction models (SIMPOL.1 or 

EVAPORATION), such a “compound” cannot have sufficiently low vapor pressure to be 

dominant in the particle phase at the beginning of the photochemistry. Overall, the 

inconsistency between modeled and measured O:C ratios reflects a discrepancy between 

the fitting of a semi-explicit model to a presumed elemental composition standard, and 

the current understanding of gas-phase photochemistry leading to the SOA formation.  

    For each of the four alkane systems studied here, gas-phase chemistry alone is not able 

to match the chamber measured O:C ratio, assuming it is perfectly correct. Oligomer 
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formation, on the other hand, provides a pathway that could possibly shift the modeled 

O:C ratio close to the observations. As noted, the FGOM does not reproduce the observed 

O:C data for the cyclododecane case. The initial organic mass growth observed from the 

OH oxidation of cyclododecane is consistent with rapid functionalization. Based on gas-

phase chemical mechanisms, cycloalkanes should become more oxygenated as the 

breakage of the carbon ring introduces more than one extra O atom, compared with 

straight-chain alkanes. However, the measured O:C for the cyclododecane low-NOx case 

is the lowest among the four alkanes. The model can replicate the measured ratio only if 

the average oxygen number of non-volatile compounds is decreased to 3. The model 

prediction suggests a more effective dehydration process occurring in cyclododecane than 

other systems, as long as the AMS measurements are comparable for the 8 experiments 

and the matrix of functional groups is applicable for the four C12 alkanes.  

    Measured and predicted H:C ratios of the SOA are shown in Fig.7. The simulated H:C 

ratios match those observed after several hours of reaction for each experiment. The 

reason that it still takes several hours of photooxidation to reach the gray region 

(uncertainties of O:C and H:C) is that the oligomer formation takes time to be 

competitive with the oxidation reactions in both gas and particle phases, which are 

dominant at the beginning of the oxidation. The starting points, however, varied by 15%: 

the predicted H:C ratio starts from 2, decreasing to ~ 1.7, whereas AMS measurements 

show that the H:C ratio is roughly constant, with an average ranging from 1.6 to 1.7, over 

the course of each experiment. The functional group contributing the highest decrease in 

H:C ratio is –C=O. On the basis of the gas-phase chemistry, at least 3 –C=O additions to 

the parent hydrocarbon are needed to reach the observed H:C ratio. One generation of 
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oxidation can introduce at most one –C=O to the SOA, as the functional groups that are 

most likely to induce partitioning into the particle phase are –OOH and –ONO2, resulting 

in a higher contribution to the decrease of vapor pressure than –C=O. This means that > 3 

generations of oxidation are needed to produce the “right” molecule. Note that certain 

combinations of functional groups, like –OOH and –OH, that have sufficiently low vapor 

pressure to be incorporated in the particles, do not change the H:C ratio. Therefore, 

products with H:C ratio even lower than 1.7 generated via either gas- or particle- phase 

chemistry could exist. While we have not explicitly considered the –C(O)OH group, this 

group can be represented by the sum of –C=O and –OH. In addition, –COOH groups can 

be produced only via fragmentation, which might be accompanied by an increase of 

vapor pressure. Thus, the contribution of –COOH to the chemical composition of alkane 

SOA is deemed less important as those of other functional groups. Gas-phase 

photochemistry alone can not produce such a low H:C ratio measured by AMS. 

Dehydration processes in the particle phase, on the other hand, are necessary to obtain the 

desired H:C ratio, although this process is likely not sufficiently fast to drive the H:C 

ratio immediately to ~1.7 at the onset of photochemistry.  

    Particle-phase accretion reactions (dehydration) play an important role in order to fit 

the model output to the chamber generated SOA data. However, this conclusion can be 

biased significantly by the variations in the AMS elemental analysis. AMS signals of 

water in both gas and particle phase occur at H2O+ (m/z = 18), OH+ (m/z = 17), and O+ 

(m/z = 16), which are also produced from organic aerosols. All of the eight alkanes 

experiments were carried out under dry conditions so that the interference of gas-phase 

water vapor is considered to be insignificant. Water present in particles or produced from 
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dehydration reactions, however, can still bias the contribution of organic aerosols to 

signals of H2O+, OH+, and O+. The oxidation state, on the other hand, is insensitive to the 

parameters in the fragmentation table, which assign contributions of water to the three ion 

signals. Using the best-fit values constrained by COA, O:C and H:C,  the modeled 

temporal profiles of oxidation state tend to match the observations better, see Fig. 8. 

Model output with only gas-phase chemistry incorporated tends to underpredict the 

oxidation state. This is because the intense loss of hydrogen atoms can not reproduced, 

indicating that the dehydration pathway is still somehow necessary.    

2.4.3 Role of particle-phase chemistry 

Ample experimental evidence indicates the potential importance of oligomerization 

processes in the SOA formation. The esterification from carboxylic acids or inorganic 

acids and alcohols or amines is considered to be a potentally important dehydration 

reaction channel in the particle phase. Esters, acid anhydride, and organosulfates have 

been widely observed in chamber studies (Gao et al., 2004 a, b; Surratt et al., 2006, 2007 

a, b; Szmigielski et al., 2007; Iinuma et al., 2007 a, b). Other dehydration reactions, such 

as acetal formation from the reaction of alcohols and hemiacetals and peroxyhemiacetal 

formation from the reaction of peroxyhemiacetals and peroxides, have also been 

proposed to potentially occur within the lifetime of ambient aerosols (Ziemann and 

Atkinson, 2012). Acetals have been identified in SOA formed from methylglyoxal uptake 

recently (Yasmeen et al., 2010). To assess the role of non-oxidative particle-phase 

reactions on SOA formation from C12 alkanes, one may shut off the accretion reaction 

channel (ka = 0) and fit only fv and rp to the SOA data. Although under this condition the 
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model is capable of reproducing the observed organic aerosol growth curves, O:C and 

H:C ratios are overpredicted by 35% and 30%, respectively. Progressive oxidation 

chemistry is not capable of explaining the measured O:C and H:C ratios. Thus, gas-phase 

oxidation alone, coupled to gas-particle partitioning, does not lead to condensed phase 

OA with sufficiently low volatility and high oxidation state. One concludes that the non-

oxidative chemistry afforded by the accretion reaction channel is required to simulate the 

observed oxidation state of the alkane SOA by producing essentially non-volatile 

dehydrated compounds.  

    Particle-phase oxidative reactions constitute an additional channel in the “VOC to 

SOA pump”. As noted, it is assumed that these reactions parallel those in the gas phase in 

terms of the functionalization and fragmentation pathways available, but at a rate that is a 

factor of rp (<1) of the gas-phase rate. Fragmentation at each generation both in the gas 

and particle phases leads to a systematic cleavage of the original carbon backbone. If this 

cleavage is not compensated for by additional functionalization, the molecules produced 

will have higher volatility than their precursors, and a decrease in overall organic aerosol 

mass occurs regardless of whether the pathway occurs in the gas or particle phase. The 

existence of the particle-phase oxidation channel acts to accelerate the overall SOA 

evolution and therefore can lead to a more rapid aging than in its absence.  

    Figure 9 shows the simulated organic aerosol growth from the photooxidation of 

dodecane under low-NOx conditions when rp = 0 or 1, with other parameters held at their 

best-fit values. When rp = 0, the predicted organic aerosol growth is able to match the 

measured COA because the rp value for low-NOx dodecane obtained from the optimization 

is 10-3, implying a negligible particle-phase oxidation pathway. When rp = 1, the 
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predicted COA is less than 20% of that measured in the chamber after 35 h of reaction. 

Although the incorporation of the accretion channel increases the predicted COA, this 

increase is insignificant in the presence of highly effective particle-phase oxidation 

reactions (rp = 1). Obviously, the “rp = 1” simulation is an unrealistic case such that two 

parallel oxidation pathways with the same set of reaction rate constants exist in the gas 

and particle phases during SOA aging. The overall gas- and particle- phase rates of 

functionalization and fragmentation processes are accelerated in such a way that the 

decrease of volatility from the addition of functional groups cannot compensate for the 

increase of volatility due to the cleavage of the carbon backbone. As a result, the semi-

volatile products are mostly consumed during the rapid aging process to produce 

intermediates with a higher volatility circumventing the accumulation of the organic 

aerosol.  

2.5 Comparison of FGOM and SOM 

The two semi-explicit SOA models, FGOM and SOM, employ distinct, but related, 

frameworks to characterize SOA properties. Both models represent functionalization and 

fragmentation, and each treats the fragmentation process with a tunable parameter “Pf”, 

that represents the probability of fragmentation. The molar yields of smaller molecules 

from fragmentation processes are assumed to be randomly assigned or with only one 

carbon atom loss in SOM, and with only one carbon atom loss in FGOM. The 

functionalization channel in SOM is represented in a statistical manner. The addition of 

average O-atoms per generation of oxidation and the decrease of volatility per addition of 

O-atoms are tunable parameters, as shown in Table 3. FGOM automatically generates all 
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possible compounds with the combination of four different functional groups and certain 

carbon numbers, as suggested by the generalized gas-phase chemistry. The one major 

difference between these two models is the treatment of particle-phase non-oxidative 

reactions: SOA formation and aging are driven solely by gas-phase photochemistry in 

SOM whereas the extent of accretion reaction channel is adjusted by four tunable 

parameters in FGOM. Both FGOM and SOM attempt to reproduce the observed chamber 

generated SOA properties (organic aerosol mass, O:C and H:C ratio) through optimal 

fitting of the empirical parameters in each model, e.g. Fig. 4, 6, 7, and 8 in this study and 

Fig. 1 and 3 in Cappa et al. (2012), to the same set of alkane SOA data generated from 

the Caltech Environmental Chamber. Comparison between these two sheds light on 

understanding the sensitivity of SOA growth to different reaction pathways in gas and 

particle phases.  

    One can map the simulation results of these two models onto the OSC−logC* space 

(Fig. 10). Atmospheric aging leads to increased functionality on the C12 skeleton and thus 

higher average oxidation state, which is reflected by both models. The SOM predicts OSC 

(-1.1 ~ -0.6) vs. FGOM (-1.8 ~ -1.0). The AMS measured OSC ( = 2×O:C – H:C) of 

dodecane SOA is bounded by these two predictions, ranging from -1.2 to -1. The 

underestimation of OSC by FGOM at the early stage is largely due to the starting point of 

the H:C ratio, as discussed in Section 3.2. The SOM-generated OSC is shaped primarily 

by the simulated O:C ratio, since the adjustable parameter “H-atom loss per O-atom 

added” is determined as a constant. The overprediction of OSC by SOM thus results from 

the overprediction of the O:C ratio at the end of the simulation.  
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    The SOM simulated composition exhibits effective saturation concentrations (logC*) 

of monomers that are, on average, one order of magnitude lower than those in FGOM. 

Values of the best-fit parameters in SOM for the low-NOx dodecane case can be found in 

Table 2 in Cappa et al. (2012). The decrease of vapor pressure upon the addition of one 

oxygen on a log scale (∆LVP), 2.20, corresponds to the addition of an –OH group, which 

leads to the largest decrease of vapor pressure per oxygen atom according to the vapor 

pressure prediction models “SIMPOL.1” and “EVAPORATION”. This ∆LVP value 

suggests that in order to reproduce the observed concentration of chamber-generated 

organic aerosol, the gas-phase chemistry should proceed such that the addition of any 

functional group on the carbon chain results in a decrease of the logarithm of vapor 

pressure by 2.20 per oxygen atom. The vapor pressure estimation module developed for 

use in FGOM for the alkanes constrains the ∆LVP values per O-atom addition to range 

from 0.79 to 1.97 upon the addition of the array of functional groups (The predicted 

decreases of the logarithm of vapor pressure (atm) upon the addition of –OOH, –ONO2, –

OH, and –C=O are 2.83, 2.36, 1.97, and 1.20, respectively). This is confirmed as the 

probability of fragmentation in SOM (mfrag = 0.077) is higher than that in FGOM (fv = 

0.61 with accretion channel and fv = 0.77 without accretion channel).  

    The simulated SOA chemical compositions are also shown in the OSC-nC space in Fig 

10. The average carbon numbers predicted by these two models cover distinctly different 

ranges. The temporal profile of aerosol nC predicted by FGOM decreases initially to ~ 

10.6 and then increases to ~ 15.2 at the end of the experiment. In the FGOM, two 

principal pathways govern the dynamics of carbon number: C-C bond cleavage and 

particle-phase accretion reactions. The degree of C-C bond cleavage determines the lower 
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limit of the average SOA carbon number, whereas the extent of accretion reactions sets 

the carbon number upper limit. The optimal FGOM fitting results suggest that 

oligomerization in the particle phase is required to predict the observed oxidative aging 

of dodecane SOA, in particular the evolution of the O:C and H:C.  

    Why do these two approaches that more or less equally capture the chamber-generated 

SOA properties exhibit such different oxidation trajectories in OSC-nC space? While 

FGOM exhibits the pull of oligomers, the oxidation trajectory generated by SOM 

progressively evolves in a direction that involves significant formation of highly oxidized 

small fragments. In the SOM, the individual species are characterized by the average 

carbon and oxygen number (nO/nC pairs), pairs that do not necessarily correspond to 

actual compounds, since functional group information is not explicitly simulated. Again, 

for the dodecane low-NOx case, the ∆LVP and [1O, 2O, 3O, 4O] values are 2.2 and 

[0.79, 0.17, 0.03, 0.0], respectively, meaning that upon one generation of oxidation, the 

average number of oxygens added is 1.22 and the total decrease of vapor pressure on a 

log scale is 2.7, which equals the addition of approximately 1.3 –OH, 1.2 –OOH, 1.2 –

ONO2 or 2.4 –C=O groups. This intense decrease of volatility upon only one generation 

allows the formation of small highly oxygenated fragments but with sufficiently low 

volatilities to contribute appreciably to the particle phase. As noted, these small 

fragments, as represented by nO/nC pairs, are not actual products reflected in current gas-

phase photochemical mechanisms. However, their presence in the particle phase in a 

significant amount shifts the oxidation trajectory to the upper right corner in OSC-nC 

space. 
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    Neither FGOM nor SOM can exactly describe the actual oxidation trajectory of alkane 

SOA because the chamber generated constraints are limited. However, information of the 

role of particle-phase chemistry can be extracted by comparing these two model outputs. 

In SOM, the measured van Krevelen slope is used to determine the H-atom loss per O-

atom added with other six parameters held at their best-fit values adjusted by COA and 

O:C, as opposed to fitting all of the free parameters together to COA, O:C, and H:C. As 

shown in Fig. 11, the best-fit value of H-atom loss per O-atom added is 1.77 in SOM in 

the dodecane low-NOx case, indicating the formation of an unsaturated carbon bond upon 

one step of oxidation. The ∆LVP value per O-atom added, however, indicates that the 

functional group likely to be added is –OH, with a van Krevelen slope of 1. This 

discrepancy reflects the fact that the best-fit parameters in the SOM can not reproduce the 

observed O:C or H:C ratios without a dehydration reaction channel. This returns us to the 

fundamental question: to what extent can gas-phase chemistry alone account for the SOA 

formation? Several products generated by the gas-phase mechanism in FGOM, detected 

in the chamber dodecane low-NOx experiments (Yee et al., 2012), have sufficiently low 

volatility to form a substantial amount of organic aerosol mass. Nonetheless, the 

inescapable conclusion is that the presence of accretion reactions is necessary to reconcile 

both the disagreement between the indications of the best-fit parameters in SOM and the 

inability of the FGOM to reproduce the measured elemental composition based solely on 

gas-phase chemistry. Evaluating the extent to which particle-phase chemistry is important 

for virtually all SOA parent VOCs awaits a more complete understanding of gas-phase 

chemistry and measured SOA chemical properties.  
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Table 2.1. Secondary organic aerosol yields and initial experimental conditions for OH 

oxidation of C12 alkanes. 

  Compound 
OH 

source 

Seed Conc.  
(NH4)2SO4 
µm3/cm3 

HC0 
(ppb) 

NO0 
(ppb) 

NO20 
(ppb) 

OH0 
(mole/cm3) 

Yield 
a 

(%) 

High 
NOx 

 dodecane H2O2 8.6 32.2 343 429 4.20×107 5.8 
 methylundecane H2O2 15.4 72.4 366 424 3.90×107 5.6 
 hexylcyclohexane H2O2 12.1 22.1 320 399 3.19×107 17.7 
 cyclododecane H2O2 7.5 13.8 289 444 2.40×107 41.3 

          

Low 
NOx 

 dodecane HONO 10.8 34.0 < 2 < 4 2.59×106 16.0 
 methylundecane HONO 15.2 28.0 < 2 < 4 2.29×106 15.1 
 hexylcyclohexane HONO 10.5 15.6 < 2 < 4 2.81×106 34.8 
 cyclododecane HONO 13.8 10.4 < 2 < 4 3.04×106 47.3 

 

a The values determined here are final yields, i.e., the mass of aerosol formed per mass of 

alkane reacted after 3 h and 35 h, respectively, in high- vs. low-NOx experiments. 
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Table 2.2. Best-fit parameters for OH-initiated oxidation of C12 alkanes. rp is the ratio of 

the particle-phase oxidative reaction rate constant to that in the gas phase. fv is the 

parameter characterizing the probability of fragmentation. ka is the accretion reaction rate 

constant in the particle phase. The matrix [Cx, Hy, Oz] represents the carbon, hydrogen, 

and oxygen numbers of the non-volatile products. For each alkane, the first entry is the 

full set nonlinear minimization (sim.1) and the second entry is the fit of only fv and rp to 

the total organic mass concentration (sim.2). 

  fv a rp b 
ka 

c  
(m3 mol-1) 

[Cx Hy Oz] d 

High 
NOx 

dodecane 
0.57 1.12×10-2 9.99×103 [21.21 21.83 3.23] 
0.65 9.90×10-3 — — 

methylundecane 
0.66 1.07×10-2 1.02×104 [24.00 30.21 1.16] 
0.81 1.00×10-2 — — 

hexylcyclohexane 
0.76 1.35×10-1 5.28×104 [22.12 31.23 5.84] 
1.10 1.00×10-3 — — 

cyclododecane 
0.89 1.00×10-3 1.05×104 [23.49 27.42 3.30] 

 1.42 1.00×10-3 — — 
      

Low 
NOx 

dodecane 
0.61 1.00×10-3 5.95×103 [24.00 39.38 5.59] 
0.77 1.00×10-3 — — 

methylundecane 
0.67 1.00×10-3 5.70×103 [24.00 37.78 5.32] 
0.91 1.00×10-3 — — 

hexylcyclohexane 
0.82 8.99×10-2 6.01×103 [18.03 26.44 6.00] 
1.00 1.00×10-3 — — 

cyclododecane 
0.89 1.00×10-3 1.86×103 [23.36 31.42 3.29] 

 2.00 1.00×10-3 — — 
 

a  The probability of fragmentation (Pf) should be within the range of 0 to 1.  

b  The upper and lower limits for rp are set to be 1 and 10-3, respectively.  

c  No upper limit is applied to ka.  
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d  The upper limit of x value should be 24 for C12 alkanes studied here and the x value can 

not be lower than the sum of two molecules with the lowest carbon numbers in the 

category of semi-volatile compounds defined by equation (2); the upper limit of y value 

should be the hydrogen number of the C24 alkane; and  z value ranges from 0 to the sum 

of two molecules that have the largest oxygen number generated from the 

functionalization channel. 
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Table 2.3. Comparison of the treatment of gas-phase chemistry, including 

functionalization and fragmentation, particle-phase chemistry, including oxidation and 

accretion reactions, and gas-particle partitioning between two models: 1) Statistical 

Oxidation Model (SOM) and 2) Functional Group Oxidation Model (FGOM).  

 

a Assumed that C-C bond scission is randomly distributed along the carbon backbone, 

resulting in an even molar distribution for all carbon numbers between Cn-1 and C1. 

b The distribution of fragments upon fragmentation is computed in two ways: (1) A 

random probability for the location of C-C bond scission, and (2) Fragmentation leads to 

Cn-1 and C1 and species. 

  2D-VBS a SOM b FGOM 

Empirical 
parameters  

-- Probability of fragmentation  
    P = (O:C) f  

 

-- Probability of fragmentation  
    P = cfrag O or P = (O:C) mfrag 

 

-- Probability of fragmentation 
    P = (O:C) fv                                               

-- Decrease in saturation  
   concentration per generation 

-- Decrease in vapor pressure  
    per O-atom added 
 

-- Particle phase oxidation     
    rates  

-- Number of O-atoms added  
    per generation 

-- Number of O-atoms added  
    per generation 
 

-- Particle phase accretion   
    reaction rates  

 -- Number of H-atoms lost per  
    O-atom added  

-- Chemical properties of the  
   non-volatile species 

     

     

Gas-phase 
chemistry 

Func. 
-- Change in the O:C ratio 
-- Decrease in C* 

-- Addition of oxygen  
-- Decrease in vapor pressure 

-- Addition of functional  
    groups 
-- Decrease in vapor pressure 

Frag. -- A function of O:C ratio  
 

-- A function of oxygen 
    number or O:C ratio 

 

-- A function of O:C ratio 

     

     

Particle-phase 
chemistry 

Oxidation 

-- OH radical uptake  
    coefficient is unity 
-- Follows gas-phase   
    oxidation mechanisms 

-- OH radical uptake  
    coefficient is unity 
-- One extra oxygen is added  
    per generation of oxidation 
-- Fragmentation is treated the  
    same as gas-phase 
 

-- Reaction rates are best-fit  
    parameters  
-- Follows gas-phase oxidation  
    mechanisms 
-- Fragmentation is treated the  
    same as gas-phase 

Accretion 

 
 
 

! ! 

 

-- Bimolecular reaction with  
    an adjustable reaction rate  
    constant 
-- The elemental composition  
    of non-volatile species is  
    defined by empirical  
    parameters 

!
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Figure 2.1.  Scheme for SOA formation and evolution, showing multi-generational gas- 

and particle- phase reactions, in the Functional Group Oxidation Model. “S” and “N” 

denote semi-volatile and non-volatile compounds, respectively. Note that the single 

product for each generation shown here represents a spectrum of products spanning a 

range of volatilities and oxidation states.  The oxidation of semi-volatile compounds 

comprises two processes: functionalization (red arrows) and fragmentation (yellow 

arrows). Instantaneous equilibrium partitioning is assumed (green arrows). Non-oxidative 

(accretion) reactions are considered as bimolecular irreversible reactions (blue arrows).  
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Figure 2.2. Chemical mechanisms of alkane photooxidation underlying fragmentation 

processes. 
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Figure 2.3. Carbon number range for products of OH oxidation of dodecane under low-

NOx conditions. For illustration, the shaded region (C° ≤ 1000 µg/m3) is taken to 

represent the combination of carbon number and volatility for which a molecule can 

appreciably partition to the particle phase.  
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Figure 2.4. Simulated (colors) and observed (black) time-dependent organic aerosol 

growth from the photooxidation of four C12 alkanes under high- (red) and low- (green) 

NOx conditions. Note that “sim.1” represents the full fitting of the six empirical 

parameters and “sim.2” refers to fitting by only two parameters, rp and fv, to the organic 

mass concentration. 
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Figure 2.5. Time evolution of predicted gas- and particle- phase multi-generational 

products from OH oxidation of C12 alkanes under high- and low-NOx conditions (upper 

and lower panel, respectively). 
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Figure 2.6. Simulated (colors) and observed (black) temporal profiles of particulate O:C 

ratio from the photooxidation of C12 alkanes under high- (red) and low- (green) NOx 

conditions. Dark colors denote “sim.1” and light colors denote “sim.2”. 
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Figure 2.7. Simulated (colors) and observed (black) temporal profiles of particulate H:C 

ratio from the photooxidation of C12 alkanes under high- (red) and low- (green) NOx 

conditions. Dark colors denote “sim.1” and light colors denote “sim.2”. 
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Figure 2.8. Simulated (colors) and observed (black) temporal profiles of particulate 

oxidation state (OSC) from the photooxidation of C12 alkanes under high- (red) and low- 

(green) NOx conditions. Dark colors denote “sim.1” and light colors denote “sim.2”. 
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Figure 2.9. Effect of particle-phase oxidative reactions on the SOA growth from the low-

NOx photooxidation of dodecane. Four simulations are run here: (1) No particle-phase 

oxidative chemistry, as shown in red curve (rp = 0 with other parameters held at their 

best-fit values); (2) Particle-phase oxidation reaction kinetics is same as gas phase, as 

shown in magenta curve (rp = 1 with other parameters held at their best-fit values); (3) No 

particle-phase chemistry, as shown in blue curve (rp = 0 and ka = 0, with other parameters 

held at their best-fit values); (4) Particle-phase oxidation reaction kinetics is same as gas 

phase but no accretion reaction channel, as shown in canyon curve (rp = 1 and ka = 0, 

with other parameters held at their best-fit values). 
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Figure 2.10. Comparison of FGOM with SOM for low-NOx dodecane SOA formation. 

The upper panel is the FGOM predicted SOA composition represented by saturation 

concentration and average oxidation state after 7 (A), 14 (B), 21 (C), and 28 (D) hours of 

reaction, respectively.  The middle panel is the SOM predicted SOA composition at same 

time points as FGOM. The lower panel is the simulated results of these two models in nC 

vs. OSC space.  
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Figure 2.11. van Krevelen diagram. FGOM and SOM simulated H:C vs. O:C temporal 

profile, together with chamber measured data (black asterisks) for low-NOx dodecane 

system. Black dash lines represent changes in slopes upon the addition of different 

functional groups (from top to bottom: –OH, NA, –COOH or –C=O plus –OH, and –

C=O). Canyon dash lines map the oxidation state along the van Krevelen diagram.  
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3.1 Abstract 

Long-chain alkanes, which can be categorized as intermediate volatility organic 

compounds (IVOCs), are an important source of secondary organic aerosol (SOA). 

Mechanisms for the gas-phase OH-initiated oxidation of long-chain alkanes have been 

well documented; particle-phase chemistry, however, has received less attention. The δ-

hydroxycarbonyl, which is generated from the isomerization of alkoxy radicals, can 

undergo heterogeneous cyclization and dehydration to form substituted dihydrofuran. 

Due to the presence of C=C bonds, the substituted dihydrofuran is predicted to be highly 

reactive with OH, and even more so with O3 and NO3, thereby opening a reaction 

pathway that is not usually accessible to alkanes. This work focuses on the role of 

substituted dihydrofuran formation and its subsequent reaction with OH, and more 

importantly ozone, in SOA formation from the photooxidation of long-chain alkanes. 

Experiments were carried out in the Caltech Environmental Chamber using dodecane as a 

representative alkane to investigate the difference in aerosol composition generated from 

“OH-oxidation dominating” vs. “ozonolysis dominating” environments. A detailed 

mechanism incorporating the specific gas-phase photochemistry, together with the 

heterogeneous formation of substituted dihydrofuran and its subsequent gas-phase OH/O3 

oxidation, is used to evaluate the importance of this reaction channel in dodecane SOA 

formation. We conclude that: 1) the formation of δ-hydroxycarbonyl and its subsequent 

heterogeneous conversion to substituted dihydrofuran is significant in the presence of 

NOx; 2) the ozonolysis of substituted dihydrofuran dominates over the OH-initiated 

oxidation under conditions prevalent in urban and rural air; and 3) a spectrum of highly-

oxygenated products with carboxylic acid, ester, and ether functional groups are 
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produced from the substituted dihydrofuran chemistry, thereby affecting the average 

oxidation state of the SOA.  

3.2 Introduction 

Alkanes are important constitutents of gasoline and vehicle emissions (Hoekman, 1992; 

Zielinska et al., 1996; Kirchstetter et al., 1999; Gentner et al. 2012; Jathar et al., 2013), 

accounting for ~50% of volatile organic compounds (VOCs) in the urban atmosphere 

(Fraser et al., 1997; Schauer et al., 1999 and 2002). The unresolved complex mixture 

(UCM) of organics, which is potentially a significant source of secondary organic aerosol 

(SOA) formation in the atmosphere, has recently been shown to comprise many long-

chain alkanes (Isaacman et al., 2012), which are expected to contribute SOA formation 

(Robinson et al., 2007).  

    Laboratory chamber investigations of SOA formation from long-chain alkanes (Lim 

and Ziemann, 2005, 2009 a, b, c; Presto et al., 2009, 2010; Miracolo et al., 2010, 2011; 

Craven et al., 2012; Lambe et al., 2012; Tkacik et al., 2012; Yee et al., 2012; Loza et al., 

2013) provide a framework for understanding chemical mechanisms and determination of 

SOA yields (Jordan et al., 2008; Aumont et al., 2012 and 2013; Cappa et al., 2012; Zhang 

and Seinfeld, 2013). Particle-phase products from OH oxidation of alkanes contain a 

number of functional groups: organonitrate (−ONO2), hydroxyl (−OH), carbonyl (−C=O), 

ester (-C(O)O-), and hydroxyperoxide (−OOH). Ambient measurements of organic 

aerosol composition have shown, in addition, that the carboxylic acid functional group 

(−C(O)OH) is closely associated with products from fossil fuel combustion sources (Liu 

et al., 2011; Russell et al., 2011), of which alkanes are a principal component.  
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    Atmospheric alkanes react in daytime exclusively with OH, producing an array of 

peroxy radicals (RO2). In the presence of sufficient NO, the alkoxy radical (RO) is the 

key product of the subsequent RO2 reaction with NO. RONO2 is also produced, with a 

branching ratio of 0.1 – 0.3 (Arey et al., 2001). For alkanes with carbon number ≥ 5, the 

1, 5-H shift isomerization is the dominant reaction pathway for RO, producing a δ-

hydroxycarbonyl, the primary fate of which is reaction with OH (Jenkin et al., 2003; 

Saunders et al., 2003; Bloss et al., 2005), with a lifetime of ~ 11.5 h at room temperature 

and a typical ambient OH concentration of 1 × 106 molecules cm-3. One particular δ-

hydroxycarbonyl, 5-hydroxy-2-pentanone, was found to cyclize to form the cyclic 

hemiacetal. The cyclic hemiacetal can subsequently lose water to form 4, 5-dihydro-2-

methylfuran, with an overall lifetime as short as ~ 1.1 h at 298 K (Cavalli et al., 2000; 

Martin et al., 2002). The presence of water vapor can, in principle, serve to convert the 4, 

5-dihydro-2-methylfuran back to 5-hydroxy-2-pentanone, leading to an equilibrium 

between these two species within several hours (Martin et al., 2002; Baker et al., 2005; 

Holt et al., 2005; Reisen et al., 2005): 

                                         

This conversion to 4, 5-dihydro-2-methylfuran is not unique to 5-hydroxy-2-pentanone 

but also occurs for other C5-C17 δ-hydroxycarbonyls  (Lim and Ziemann, 2005, 2009 a, b, 

c), at a rate that increases with the length of the carbon chain (Holt et al., 2005; Ziemann 

and Atkinson, 2012). The substituted dihydrofuran is highly reactive towards OH, O3, 

and NO3 in the gas phase, owing to the presence of a C=C double bond. For typical 
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ambient concentrations of OH, O3, and NO3, i.e., 2 × 106 molecules cm-3 (12 h average), 

30 ppb (24 h average), and 5 × 108 molecules cm-3 (12 h average), respectively, the 

lifetimes of the substituted dihydrofuran with respect to reactions with these oxidants in 

the gas phase are 1.3 h, 7 min, and 24 s, respectively (Martin et al., 2002; Ziemann and 

Atkinson, 2012). Based on these estimates, ozonolysis of substituted dihydrofurans may 

dominate OH oxidation during daytime in the urban atmosphere.  

    SOA formation from long-chain alkanes involves multiple generations of OH 

oxidation that include functionalization (O-atom addition in forms of a variety of 

moieties) and fragmentation of the parent carbon backbone. These two routes can 

eventually lead to highly oxygenated fragments that partition into the particle phase. Two 

recent modeling studies of C12 alkanes suggest that particle-phase chemistry might play a 

potentially important role in the chemical composition of alkane SOA; this is inferred 

from the fact that simulations driven solely by gas-phase chemistry can successfully 

reproduce the chamber measured SOA yield, but these fail to replicate the observed 

particulate O:C and H:C ratios in the absence of a particle-phase chemistry channel 

(Cappa et al., 2012; Zhang and Seinfeld, 2013). The extent to which particle-phase 

chemistry is important in alkane SOA formation has not been clearly established. 

    We address here the heterogeneous formation of substituted dihydrofurans and their 

subsequent gas-phase reaction with ozone in SOA formation from alkanes. We present 

the results of a series of chamber dodecane photooxidation experiments under two 

reaction regimes, i.e., “OH-dominant”, in which over 70% of substituted dihydrofurans 

are oxidized by OH, vs. “O3-dominant”, in which 80% – 90% of substituted 

dihydrofurans react with O3. Gas-phase products that are unique to the substituted 
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dihydrofuran chemistry are identified. The impact of ozonolysis of substituted 

dihydrofurans on the particle-phase product distribution from the photooxidation of 

dodecane is investigated by comparing intensities of certain ions that are indicative of 

ozonolysis chemistry.  We also develop a detailed mechanism with the incorporation of 

substituted dihydrofuran chemistry and simulate the effect of this reaction channel on 

SOA yield from the photooxidation of dodecane.  

3.3 Experimental  

Experiments were conducted in the new Caltech dual 24-m3 Environmental Chamber, in 

which the temperature (T) and relative humidity (RH) are automatically controlled. Prior 

to each experiment, the Teflon chambers were flushed with clean, dry air for 24 h until 

the particle number concentration < 10 cm-3 and volume concentration < 0.01 µm3 cm-3. 

Seed aerosol was injected into the chamber by atomizing 0.015 M aqueous ammonium 

sulfate solution to provide sufficient surface area for the partition of semi-volatile 

products. Hydrogen peroxide (H2O2) was used for the OH source by evaporating 85 and 

226 µL of 50% wt aqueous solution into the chamber with 5 L min-1 of purified air for ~ 

110 min, resulting in an approximate starting H2O2 concentration of 1.5 and 4 ppm, 

respectively, under high- and low-NOx conditions. The 4 ppm H2O2 concentration 

employed in low-NOx experiments creates a RO2+HO2 dominant reaction regime. We 

replaced H2O2 with nitrous acid (HONO) as the OH source for one experiment in order to 

minimize the formation of ozone. HONO was prepared by dropwise addition of 15 mL of 

1 wt% NaNO2 into 30 mL of 10 wt% H2SO4 in a glass bulb and introduced into the 

chambers with 5 L min-1 of purified air for ~ 40 min. To minimize the vapor phase wall 
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loss along the injection line, 60 µL of dodecane (Sigma-Aldrich, 98% purity) was 

injected into a glass bulb, which was connected directly into the Teflon chamber via a 

1/4′′ I.D. Swagelock to NPT fitting located on a Teflon plate. Heated 5 L min-1 of 

purified air flowed through the glass bulb into the chamber for 30 min, introducing ~ 200 

ppb dodecane into the chamber. After ~ 1 h mixing, photooxidation was initiated by 

irradiating the chamber with black lights with output wavelength ranging from 300 to 400 

nm.  

    Experiments were carried out under conditions in which the peroxy radicals formed 

from the initial OH reaction with dodecane react either essentially exclusively with NO 

(so-called high-NOx) (Exp. #1, #2, #3, #4, and #5) or essentially exclusively with HO2 

(so-called low-NOx) (Exp. #6, #7, and #8). For each condition, “O3-dominant” vs. “OH-

dominant” environments were generated by varying the OH source, initial NO, NO2, and 

O3 concentrations, and the additional NO injection rate during the irradiation period 

(Table 1). The ozonolysis vs. OH oxidation of substituted dihydrofuran is calculated to be 

equally competitive when the ratio of O3 to OH concentration is 6.3 × 104 : 1 

(approximately 2.6 ppb O3 vs. 1.0 × 106 molecules cm-3 OH). Under low-NOx conditions, 

NO, NO2, NOx, and O3 were below detection limits, and no ozone formation was 

observed over the course of 20 h experiments. OH-oxidation of dihydrofuran is dominant 

with average OH concentrations of 1.8 × 106 and 1.5 × 106 molecules cm-3, respectively, 

in Exp. #6 and #8. OH concentration is calculated by optimal fitting of the exponential 

decay of the GC-FID measured dodecane temporal profile. In order to evaluate the effect 

of the ozonolysis of dihydrofuran chemistry on the dodecane SOA formation under low-

NOx conditions, additional ~ 30 ppb of ozone was injected into the chamber before the 
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onset of irradiation (Exp. #7). Under high-NOx conditions, HONO was used as the OH 

source for the “OH-dominant” environment (Exp. #1). Double HONO injection was 

carried out in order to fully consume dodecane (before the onset and after ~ 3 h of 

irradiation). The average OH concentration is ~ 5.0 × 106 molecules cm-3, whereas O3 

peaks at 8 ppb after 60 min of photooxidation and rapidly decays to ~ 0 ppb within 2 h. In 

this case, > 73% of dihydrofuran is oxidized by OH over the course of Exp. #1. An “O3-

dominant” environment was generated by injecting NO (38 – 287 ppb) and NO2 (12 – 

156 ppb) before the onset of irradiation. Continuous NO injection with a certain flow rate 

(20 – 100 ppb h-1) was conducted over the course of experiments to reach a sufficient 

amount of O3 and to maintain high-NOx levels. Under experimental conditions in Exp. 

#2, #3, #4, and #5, the average OH concentrations are calculated to be 1.7 × 106, 2.0 × 

106, 1.4 × 106, and 1.3 × 106 molecules cm-3, respectively, and the maximum O3 mixing 

ratios are 20, 380, 150, and 250 ppb, respectively. As a result, ~ 82%, ~ 96%, ~ 97%, and 

~ 98% of dihydrofuran reacts with O3 when dihydrofuran peaks after ~ 3 h of 

photooxidation. High humidity experiments were also carried out as a set of control 

experiments (Exp. #4, #5, and #8) addressing the role of water vapor in the 

heterogeneous interconversion between δ-hydroxycarbonyls and substituted 

dihydrofurans. 

    A suite of instruments was used to investigate gas- and particle-phase chemistry. T, 

RH, NO, NOx, and O3 were continuously monitored. Dodecane concentration was 

monitored by taking hourly samples at ~ 0.13 L min-1 of chamber air for 3 min onto a 

Tenax adsorbent, which was loaded into the inlet of a gas chromatograph with flame 

ionization detection (GC/FID, Agilent 6890N), desorbed at 275 °C for 13 min, and then 



 3-9 
injected onto an HP-5 column (15 m × 0.53 mm ID × 1.5 µm thickness, Hewlett-Packard) 

held at 30 °C. The oven was ramped from 30 to 275°C at 10 °C min-1 and held at 275 °C 

for 5 min. The retention time for dodecane is ~ 27.5 min. The gas-phase species were 

monitored using a custom-modified Varian 1200 triple-quadrupole chemical ionization 

mass spectrometer (CIMS) (Crounse et al., 2006; Paulot et al., 2009). In negative mode 

operation, CF3O− was used as the reagent ion to cluster with an analyte such as 

hydroperoxide or acid [R], producing [R·CF3O]− or m/z [M+85]−, where M is the 

molecular weight of the analyte. For more strongly acidic species [H·X], the transfer 

product, [H·X·F] − or m/z [M+19]−, is formed during ionization. Carboxylic acids tend to 

have contributions to both the transfer and cluster product, in which case the overall 

signal of a compound is considered as the sum of the two product signals. In positive 

mode operation, an analyte [R] can undergo proton transfer reaction, producing an ion in 

the form of [R·H]+, and/or react with n positively charged water clusters to form a cluster 

in the form of [(H2O)n·R·H]+. Positive mode is employed in this study for tracking less 

polar compounds, such as the substituted dihydrofuran.  

    Particle size distribution and number concentration were measured by a cylindrical 

differential mobility analyzer (DMA; TSI Model 3081) coupled to a condensation 

particle counter (TSI Model 3010). Real-time particle mass spectra were collected 

continuously by an Aerodyne High Resolution Time-of-Flight Aerosol Mass 

Spectrometer (DeCarlo et al., 2006; Canagaratna et al., 2007). The AMS switched once 

every minute between the high resolution “W-mode’ and the lower resolution, higher 

sensitivity “V-mode”. The V-mode was utilized for quantification, as the higher m/z 
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values exhibit a more favorable signal-to-noise ratio. The W-mode was used for ion 

identification and clarification.  

3.4 Chemical Mechanism 

A photochemical mechanism was used to simulate the gas-phase photochemistry of NOx, 

HOx, and O3 corresponding to the experimental conditions. Photolysis rate constants are 

calculated using the irradiance spectrum measured for the chamber UV lights, and 

absorption cross sections and quantum yields from Sander et al. (2011).  

    The kinetic scheme for the gas-phase OH-initiated oxidation of dodecane and the 

further OH oxidation of multi-generational products was developed primarily based on 

the MCMv3.2 (http://mcm.leeds.ac.uk/MCM/). Products identified in Lim and Ziemann 

(2005; 2009 a, b, c) that are not in MCM are also included here. The kinetic scheme was 

incorporated in the photochemical model to estimate yields of particle-phase products 

generated in the chamber. A simplified flow chart illustrating the mechanism for the 

multi-generation gas-phase chemistry is shown in Fig. 1 (a) & (b). In general, the OH-

initiated oxidation of dodecane leads to RO2, the fate of which controls the distribution of 

further generation products. When sufficient NOx is present (the concentration of NO, 

i.e., > 5 ppb, is at least four orders of magnitude higher than RO2, i.e., < 5 × 107 

molecules cm-3), over 99% of RO2 reacts with NO, leading to RO or alkyl nitrate 

(RONO2). The branching ratios for the production of RO and RONO2 are obtained from 

Jordan et al. (2008). RO can isomerize through a 1,5 H-atom shift to a δ-hydroxyalkyl 

radical, react with O2, or undergo fragmentation. The alkyl nitrate formed either 

undergoes photolysis or reacts with OH via H-atom abstraction from a C-atom or reacts 
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with OH via H-atom abstraction from a C-atom with a –ONO2 group attached to produce 

a –C=O group. The δ-hydroxyalkyl radical reacts with O2 and then NO and undergoes 

another isomerization to produce a δ-hydroxycarbonyl. At sufficiently low NOx 

concentrations, the simulated HO2 concentration (~ 1 × 1010 molecules cm-3) is ~ 20 

times higher than RO2 (~ 5 × 108 molecules cm-3). RO2 + HO2 dominates the fate of RO2, 

producing a hydroperoxide (ROOH). Further oxidation of ROOH involves the photolysis 

of the –OOH group, H-atom abstraction, and the OH oxidation of a C-atom with a –OOH 

group attached to produce a –C=O group. Products through eight generations of oxidation 

are included in the mechanism, although only the formation of the first three generations 

of products is illustrated in Fig. 1. The reaction rate constants are obtained from MCM 

v3.2. In the absence of specific data, the photolysis rate constants of the –OOH, –C=O, 

and –ONO2 groups on the carbon backbone are assumed to be the same as those for 

methyl peroxide (CH3OOH), 2-butanol (C3H7CHO), and n-propyl nitrate (n-CH3ONO2).  

    Cyclization and subsequent dehydration of δ-hydroxycarbonyl to substituted 

dihydrofuran is a heterogeneous process, including 1) gas-phase diffusion and reactive 

uptake of δ-hydroxycarbonyl to particles, 2) cyclization of δ-hydroxycarbonyl to cyclic 

hemiacetal, and 3) dehydration of cyclic hemiacetal to substituted dihydrofuran.  

(Atkinson et al., 2008; Lim and Ziemann, 2009 c). The extent of this heterogeneous 

process occurring on/in particles has been predicted to predominate over chamber walls 

(Lim and Ziemann, 2009 c). In this study, we represent the individual steps of the 

conversion of δ-hydroxycarbonyl to substituted dihydrofuran by an overall first-order 

decay rate of 3 × 10-3 s-1. This value is estimated by monitoring the decay of 5-hydroxy-
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2-pentanone using CIMS in the presence of 20 µm3 cm-3 (NH4)SO4/H2SO4 seeds at 3% 

RH. This assumed decay rate is consistent with those measured in previous studies 

(Cavalli et al., 2000; Martin et al., 2002, Holt et al., 2005; Lim and Ziemann, 2009 c). 

The equilibrium constant K (K = [4, 5-dihydro-2-methylfuran]/[5-hydroxy-2-pentanone]) 

is estimated to be ~ 7 at 3% RH from the CIMS measured 5-hydroxy-2-pentanone decay 

curve, based on the assumption that the decrease in the 5-hydroxy-2-pentanone 

concentration is accompanied by stoichiometric formation of the corresponding 4, 5-

dihydro-2-methylfuran. Note that although the proportion of the heterogeneous 

conversion occurring on the chamber walls is unknown, the potential contribution of 

chamber walls to the particle-phase production of substituted dihydrofuran has been 

accounted for by employing the measured overall conversion rate in the mechanism. 

    The substituted dihydrofuran formed evaporates rapidly due to its high volatility and 

undergoes reactions with OH, O3, and NO3 in the gas phase (Ziemann and Atkinson, 

2012), with reaction rate constants of 2.18 × 10-10, 3.49 × 10-15 cm3 molecule-1 s-1, and 

1.68 × 10-10 cm3 molecule-1 s-1, respectively (Martin et al., 2002; Atkinson et al., 2008). 

Reaction with NO3 is not important under the conditions of this study. In general, the OH 

addition to an alkyl-substituted dihydrofuran produces either an alkyl-substituted 

tetrahydrofuran or a carbonyl ester, see Fig. 2 (a) (Martin et al., 2002, Lim and Ziemann, 

2005, 2009 a, b, c, Jordan et al., 2008). The mechanism for the O3 reaction with an alkyl-

substituted dihydrofuran, as shown in Fig. 2 (b), was developed following the ozonolysis 

of 4,5-dihydro-2-methylfuran (Martin et al., 2002), alkyl vinyl ethers (Thiault et al., 

2002; Klotz et al., 2004; Sadezky et al., 2006) and monoterpenes (Jenkin et al., 2000; 

Jenkin, 2004). The reaction of alkyl-substituted dihydrofuran with O3 involves the 
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addition of O3 to the C=C double bond to produce an energy-rich primary ozonide, which 

rapidly decomposes into two excited Criegee intermediates. The energy-rich Criegee 

intermediates are either collisionally stabilized, or decompose to yield OH (or OH+CO) 

and an additional α-carbonyl peroxy radical (or peroxy radical). The resulting α-carbonyl 

peroxy radical (or peroxy radical) can undergo the well-established reactions available 

for peroxy radicals, see Fig. 2 (b). The stabilized Criegee intermediates are predicted to 

react primarily with water (Martin et al., 2002), leading to 3-propoxy-nonanal (C12H22O3) 

and 3-propoxy-nonanic acid (C12H22O3), with molar yields of 90% and 10%, respectively. 

The total yield of 3-propoxy-nonanal is predicted to be 18%, which is close to the yield 

of succinaldehydic acid methyl ester (23%) from the ozonolysis of 4,5-dihydro-2-

methylfuran (Martin et al., 2002).  

    We consider SOA formation by dodecane photooxidation, including heterogeneous 

formation of substituted dihydrofuran and its subsequent reaction with OH/O3. Gas-

particle equilibrium partitioning of semi-volatile products is assumed. The branching 

ratio and vapor pressure (PL,i
0 /atm) at 300 K (predicted by SIMPOL.1 (Pankow and 

Asher, 2008)) of each product from the OH/O3 initiated oxidation of alkyl-substituted 

dihydrofuran are labeled in Fig. 2. The corresponding effective saturation concentrations 

(C*=106PL,i0 γiMw/RT) range from 7.0 × 101 µg m-3 to 4.7 × 104 µg m-3, for which 

approximately 0.1% ~ 41.7%, respectively, of these products are in the particle phase at 

an organic loading of ~ 50 µg/m3. Compounds with the lowest volatility (~ 10-9 atm) are 

produced mostly from the RO2 + NO → RONO2 reaction, the branching ratio of which 

ranges from 0.11 to 0.28. As a result, the total amount of organic nitrates in the particle-

phase is relatively high, see Fig. 9 (C). Compounds generated from the RO2 + NO → RO 
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+ NO2 reaction have higher molar yields (0.72 – 0.89). But they are too volatile (~ 10-6 – 

10-7 atm) to partition significantly into the particle phase. The stabilized Criegee 

intermediate reaction with water is predicted to predominate over reaction with NO/NO2 

at RH > 3%. The ester containing carboxylic acid (C12H22O4) is predicted to be present in 

the particle phase due to its sufficiently low volatility (~ 10-8 atm), see Fig. 9 (C).  

3.5 Results and Discussion 

In this section, we seek to evaluate the impact of substituted dihydrofuran chemistry on 

dodecane SOA formation as follows: 1) Predict the yield of alkyl-substituted 

dihydrofuran from the photooxidation of dodecane under both high- and low-NOx 

conditions, and the fraction of alkyl-substituted dihydrofuran that reacts with O3 in the 

“O3-dominant” regime (Section 4.1); 2) Measure the time-dependent evolution of cyclic 

hemiacetal and alkyl-substituted dihydrofuran at 3%, 10%, 20% and 50% RH (Section 

4.2); 3) Propose gas-phase products that are unique to dihydrofuran chemistry based on 

the CIMS speciation (Section 4.3); 4) Compare particle-phase chemical composition 

under “OH-dominant” vs. “O3-dominant” environments via identifying AMS measured 

ions representative of dihydrofuran oxidation products (Section 4.4); and 5) Estimate the 

change in SOA yield and elemental composition by incorporating the complete 

substituted-dihydrofuran formation and removal pathways into the dodecane SOA 

prediction model (Section 4.5).  
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3.5.1 Predicted substituted dihydrofuran formation and reaction with ozone in the 

dodecane system 

To what extent is the formation of substituted dihydrofuran and its subsequent chemistry 

important in the formation of dodecane SOA? A mechanism simulation was conducted, 

with initial conditions similar to those employed in the chamber (Table 1), i.e., 200 ppb 

dodecane, 1.5 ppm H2O2, 100 ppb O3, and 100 ppb + 30 ppb h-1 NO for high-NOx 

conditions and 200 ppb dodecane, 4 ppm H2O2, 100 ppb O3, and 0 ppb NOx for low-NOx 

conditions, respectively. Figure 3 shows the predicted mass distribution of δ-

hydroxycarbonyl, alkyl-substituted dihydrofuran, together with other products of the 

same generation. δ-hydroxycarbonyl is predicted to account for > 90% total organic mass 

of first-generation products under high-NOx conditions, see Fig. 3 A (H), but < 5% to the 

total organic mass of the third-generation products under low-NOx conditions, see Fig. 3 

A (L). Inclusion of the heterogeneous conversion pathway from δ-hydroxycarbonyl to 

alkyl-substituted dihydrofuran is predicted to result in a rapid consumption of δ-

hydroxycarbonyl under dry conditions, as opposed to a slow decay from OH oxidation. 

Alkyl-substituted dihydrofuran accounts for up to 70% of the decay of δ-

hydroxycarbonyl, as shown in Fig. 3 B (H). As discussed earlier, an ozonolysis dominant 

environment occurs for O3 > 3 ppb at a typical OH concentration of 1.0 × 106 molecules 

cm-3. In the high-NOx simulation case, ozone is predicted to lead to 82% - 98% of the 

total alkyl-substituted dihydrofuran loss over the course of photooxidation, see Fig. 3 D 

(H).  
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    The alkyl-substituted dihydrofuran is not the only product that contains a dihydrofuran 

structure in the dodecane photooxidation system. The first generation product, 3-dodecyl 

nitrate under high-NOx conditions is an example. Three pathways exist that could 

produce semi-volatile compounds containing a dihydrofuran structure from the further 

photochemical reaction of 3-dodecyl nitrate: 1) photolysis of the –ONO2 group leads to 

an alkyl-substituted dihydrofuran; 2) abstraction of an H-atom by OH potentially leads to 

an organonitrate-substituted dihydrofuran; and 3) H-atom abstraction from a C-atom with 

the –ONO2 functional group attached and further H-atom abstraction from a C-atom 

potentially leads to a carbonyl-substituted dihydrofuran. It is worth noting that the gas-

phase ozonolysis of alkyl-substituted dihydrofuran under high-NOx conditions 

contributes to most of the ozonolysis reactions because the alkyl-substituted dihydrofuran 

is a major first-generation product, as shown in Fig. 3 B (H).   

3.5.2 Formation of cyclic hemiacetals and alkyl-substituted dihydrofuran  

CIMS measurement at (+) m/z 183 in positive mode represents the ion C12H22O⋅H+ 

generated from the proton transfer reaction with alkyl-substituted dihydrofuran (Mw = 

182). An additional source of (+) m/z 183 is the proton transfer reaction followed by 

dehydration of hydroxyl dodecanone (Mw = 200), which is also detected as a fluoride 

cluster product at (−) m/z 285 (C12H24O2⋅CF3O-) in negative mode. Figure 4 shows 

temporal profiles of (+) m/z 183 and (−) m/z 285 monitored under both high- and low-

NOx conditions (Exp. 2 vs. Exp. 6). The (+) m/z 183 ion was detected in each of the two 

experiments, but with distinct time-dependent patterns. Under high NOx-conditions, (+) 

m/z 183 peaks during first 3 h of irradiation, indicating fast formation of alkyl-substituted 

dihydrofuran, and decays during the next 15 h photooxidation. Under low-NOx 
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conditions, however, the (+) m/z 183 signal eventually reaches a plateau, which is more 

consistent with the pattern of (−) m/z 285. This behavior is consistent with the mechanism 

prediction that the alkyl-substituted dihydrofuran is formed in significant amounts only 

under high-NOx conditions (Fig. 3 B (H)). An alternative explanation for the temporal 

profiles of (+) m/z 183 under low-NOx conditions is that this ion is formed by 

dehydration of the cyclic hemiacetal following protonation in CIMS. The occurrence of a 

plateau could be indicative of an absence of dehydration in the particle phase due to the 

lack of an acid catalyst (no HNO3 formation from NO2+OH reaction as in the high NOx 

cases). However, based on the model prediction, cyclic hemiacetal is not likely to 

accumulate since the formation of its precursor, δ-hydroxycarbonyl, is a minor pathway 

when the RO2+HO2 reaction is dominant and the photolysis of the resulting peroxide is 

not important. 

    The AMS measured m/z 183 (C12H23O+) is the major characteristic ion for cyclic 

hemiacetal. This ion is produced by the neutral loss of OH (Mw = 17) from the 2-position 

in the cyclic hemiacetal (Mw = 200) during electron ionization (Gong et al., 2005; Lim 

and Ziemann, 2009 c). In addition, the C12H23O+ ion is suggested to be the characteristic 

fragment of carbonyl-hydroperoxide-derived peroxyhemiacetal (Yee et al., 2012). The 

temporal profiles of the C12H23O+ ion under both high- and low-NOx conditions (Exp. 2 

vs. Exp. 6) exhibit distinct growth patterns (Fig. 4). Under high-NOx conditions, the 

C12H23O+ ion signal increases rapidly to a maximum during the first 2 h and decays over 

the next ~ 14 h. The temporal behavior of the C12H23O+ ion is a result of its rapid 

formation, i.e., uptake of δ-hydroxycarbonyl onto particles and subsequent cyclization, 

and relatively slower removal, i.e., dehydration. Under low-NOx conditions, the C12H23O+ 
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ion increases over the course of a 20 h experiment because of the accumulative formation 

of peroxyhemiacetal. During the first 3 h of irradiation under low-NOx conditions, the 

organic loading is below the AMS detection limit so that the C12H23O+ ion signal does 

not appear in Fig. 4 during this period. The C12H23O+ ion signal under low-NOx 

conditions therefore potentially represents peroxyhemiacetal, since the formation of 

peroxides is the major reaction pathway in the RO2+HO2 dominant regime. This is again 

consistent with the mechanism prediction that the formation of alkyl-substituted 

dihydrofuran is unimportant under low-NOx conditions (Fig. 3 B (L)).  

      Figure 5 shows temporal profiles of the ion C12H22O⋅H+ detected by CIMS and the ion 

C12H23O+ detected by AMS in the presence of NOx under varying RH. In general, the 

AMS ion C12H23O+ peaks ~ 3 h earlier than the CIMS ion C12H22O⋅H+. The decay rates of 

AMS ion C12H23O+, which is calculated by assuming first-order kinetics, are 4.02 × 10-3, 

3.06 × 10-3, 1.71 × 10-3, and 1.37 × 10-3 s-1, respectively, at RH of 3%, 10%, 20%, and 

50%. Aerosol water content could slow down the formation and removal rate of AMS ion 

C12H23O+, mainly because: 1) water could accelerate the hydration rate, thus changing the 

equilibrium coefficient of the interconversion between cyclic hemiacetal and 

dihydrofuran; and 2) the addition of water might neutralize the particle-phase acid (e.g., 

HNO3) which is thought to catalyze the cyclization of δ-hydroxycarbonyl to cyclic 

hemiacetal (Lim and Ziemann, 2009 c). The decay rates of AMS ion C12H23O+ are within 

the same order of magnitude of that measured for 5-hydroxy-2-pentanone at 3% RH, 

indicating that the dehydration of cyclic hemiacetal is the rate-limiting step in the overall 

heterogeneous conversion process. Water vapor influences CIMS sensitivity to certain 

compounds in negative mode by clustering with the reagent ion CF3O− to form 
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[H2O·CF3O]−. The decreasing intensity of the ion C12H22O⋅H+ as RH increases is likely 

indicative of this effect.  

3.5.3 Products from alkyl-substituted dihydrofuran oxidation 

Products unique to the alkyl-substituted dihydrofuran oxidation chemistry have been 

proposed based on CIMS measured m/z signals, see Table 2 for chemical structures. 

Authentic standards are not commercially available for these products. Compounds from 

the dodecane photooxidation route that share the same m/z signal with alkyl-substituted 

dihydrofuran oxidation products are also presented in Table 2. The CIMS signal (−) m/z 

346 is composed of 2-nitroxy-2-alkyl-3-hydroxyl-5-heptyl-tetrahydrofuran and 2-

carbonyl-5-hydroxyl-2-dodecyl-nitrate. The latter is a 3rd generation product resulting 

from the further oxidation of dodecyl nitrate. The branching ratio for the addition of an –

ONO2 group is much lower than that for the formation of the RO radical, so that the 

interference of 2-carbonyl-5-hydroxyl-2-dodetyl-nitrate in the (−) m/z 346 signal can be 

neglected. The CIMS signal (−) m/z 299 represents 3-propoxy-nonanal, which is a 

primary product from both OH-oxidation and ozonolysis of alkyl-substituted 

dihydrofuran, and 8-hydroxy-3,5-dodecanedione, which is produced from the further 

oxidation of dodecyl nitrate. As discussed earlier, the formation and transformation of 

dodecyl nitrate is predicted to be a minor pathway so that the (−) m/z 299 is dominated by 

3-propoxy-nonanal.  

      A distinct feature of proposed products from the dihydrofuran oxidation by either OH 

or O3 is the formation of an ester group (–C(O)O–) or an ether group (–O–), both of 

which can not be accessed from photochemical reaction pathways initiated by the OH 
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attack on the aliphatic hydrocarbon. The OH oxidation channel leads solely to the 

formation of tetrahydrofuran and carbonyl ester. In the ozonolysis pathway, on the other 

hand, the reaction of stabilized Criegee intermediates with water produces one ester 

group containing aldehyde (3-propoxy-nonanal) and carboxylic acid (3-propoxy-nonanic 

acid); see proposed structures in Table 2. From the intact C12 skeleton and highly 

oxygenated nature, these two products are consistent with CIMS signals in (−) m/z 299 

and (−) m/z 249 and 315 in negative mode with little interference from other products.             

    Figure 6 shows the temporal profiles of (−) m/z 299, as well as (−) m/z 249 and 315, 

under “O3-limiting” (Exp. #2) and “O3-rich” (Exp. #3) conditions. The decay rates of 

their precursor (+) m/z 183, as calculated by assuming first-order kinetics, are 1.19 × 10-5 

s-1 and 1.44 × 10-5 s-1, respectively. Under “O3-rich” conditions, both species increase and 

eventually level off. When O3 reaction is less competitive, the CIMS signals start to 

decrease after 10 h photooxidation. Note that these three ions were also detected under 

low-NOx conditions. No significant increase in their signals was observed in the “O3-

rich” environment (Exp. #7), compared with the “O3-limiting” case (Exp. #6). If they 

were assigned the same chemical structures as those proposed under high-NOx 

conditions, their growth pattern would suggest a minor formation of their precursor alkyl-

substituted dihydrofuran. This can be attributed to the slowdown or even termination of 

the dehydration of cyclic hemiacetal in the absence of strong acid catalysis (Atkinson et 

al., 2008; Lim and Ziemann, 2009 c).  
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3.5.4 Ozonolysis vs. OH-oxidation 

Carboxylic acids produce significant signals at m/z 60 and 73, specifically C2H4O2
+ and 

C3H5O2
+, in the AMS measurement (Aiken et al., 2008). The formation of these two ions, 

as a function of the time-dependent decay of the ion C12H23O+, is shown under different 

RH conditions in Fig. 7. The largest slope of either ΔC2H4O2
+ / ΔC12H23O+ or ΔC3H5O2

+ / 

ΔC12H23O+ is associated with the highest RH, i.e., 50%. On the contrary, the production 

of C2H4O2
+ and C3H5O2

+ is not significant under dry conditions. Also, the changes in 

slopes along with changes in RH values are consistent for both ions. This indicates that 

the formation of the carboxylic acid functional group detected in particles is associated 

with the water vapor concentration in the gas phase, consistent with the reaction of the 

stabilized Criegee intermediates with water in the substituted dihydrofuran oxidation 

system. 

      Two dominant oxygen-containing ions, m/z 44 (mostly CO2
+) and m/z 43 (C3H7

+ and 

C2H3O+), have been widely used to characterize organic aerosol evolution in chamber 

and field observations. Previous studies have shown that CO2
+ results mostly from the 

thermal decarboxylation of an organic acid group (Alfarra, 2004). The f44 (ratio of m/z  

44, mostly CO2
+, to total signal in the component mass spectrum) axis is also considered 

to be an indicator of photochemical aging (Alfarra et al., 2004; Aiken et al., 2008; 

Kleinman et al., 2008). It has been found that increasing OH exposure increases f44 and 

decreases f43 (ratio of m/z 43, mostly C2H3O+, to total signal in the component mass 

spectrum) for SOA generated from gas-phase alkanes (Lambe et al., 2011). The C2H3O+ 

ion at m/z 43 is assumed predominantly due to non-acid oxygenates, such as saturated 

carbonyl groups (Ng et al., 2011). The evolution of dodecane SOA from four experiments 
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(Table 1), characterized by different OH and O3 exposure, and different RH levels, is 

shown in fCO2+ − fC2H3O+ space in Fig. 8. Overall, high-NOx dodecane SOA lies to the 

lower left of the triangular region derived for ambient SOA. The relatively high organic 

loading (~ 200 ppb dodecane) employed in this study favors partitioning of less oxidized 

species, which would remain in the gas phase under atmospheric conditions. For each 

experiment, fCO2+ decreases and  fC2H3O+ increases with increasing SOA at the beginning 

of irradiation. After several hours photooxidation, the trends reverse, resulting in 

increasing fCO2+ and decreasing fC2H3O+. Curvature in fCO2+ − fC2H3O+ space has been also 

observed in other chamber/flow reactor studies (Kroll et al., 2009; Ng et al., 2010; 

Chhabra et al., 2011; Lee et al., 2011; Lambe et al., 2011). When the organic loading is 

small, only the highly oxygenated and least volatile species partition to the particle phase. 

As particles grow, more volatile and less oxidized species are able to participate in 

equilibrium partitioning, leading to a decrease in fCO2+. Progressive oxidation of semi-

volatile products in the gas phase eventually leads to multi-functionalized species 

contributing to the increase of  fCO2+.  

      Both O3- and OH- initiated oxidation of substituted dihydrofuran lead to the 

formation of fCO2+ , via the thermal decarboxylation of an organic acid group and 

photochemical aging, respectively. The contribution of each reaction pathway to the 

intensity of fCO2+  can be evaluated based on the fCO2+ − fC2H3O+  plot. As discussed in 

Section 2.1, Exp. #1 is designed as an “OH-dominant” case, in which it is estimated that 

> 73% of the dihydrofuran reacts with OH over the course of the experiment. Exp. #3, #4, 

and #5 were designed to be “O3-dominant” at 10%, 20%, and 50% RH, respectively. 
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Approximately 96 %, 97 %, and 98 % of substituted dihydrofuran is predicted to react 

with O3 when it peaks after ~ 3 h of photooxidation in Exp. #3, #4, and #5, respectively. 

As shown in Fig. 8, the intensities of fCO2+ in Exp #1, #3, #4, and #5 are 0.019, 0.020, 

0.028, and 0.030, respectively, at the same OH exposure, i.e., 2 × 107 molecules cm-3 h. 

The increase in fCO2+ intensities results from the increasing O3 and RH levels in these four 

experiments. Overall, Exp. #1 exhibits the least intensity of  fCO2+  at the end of the 

experiment, i.e., 0.017, although the total OH exposure is the highest, i.e., 3.8 × 107 

molecules cm-3 h. The total OH exposures for Exp. #3, 4, and 5 are 3.5 × 107, 2.2 × 107, 

and 2.1 × 107 molecules cm-3 h, respectively, which are less than that in Exp. #1. 

However, the intensities of  fCO2+ for these three experiments are 35% – 82% higher than 

that in Exp. #1 at the end of experiments. In addition, the intensity of  fCO2+ increases 

along with increasing RH and O3 exposure for these three experiments, varying from 

0.023 to 0.031. The highest  fCO2+ intensity shown in Exp. #5 corresponds to the highest 

O3 exposure and RH level, but lowest OH exposure.    

    The difference in elemental composition of organic particles produced from “O3-

dominant” vs. “OH-dominant” environments is also examined via the AMS measured 

O:C and H:C ratios in the van Krevelen plot and the time-dependent evolution of the 

average carbon oxidation state (OSC = 2 × O:C – H:C), see Fig.9. In general, the OSC 

values calculated fall into a region characterized by oxidized primary organic aerosol and 

semivolatile oxidized organic aerosol (Kroll et al., 2011). The measured O:C (~ 0.2) and 

H:C (~ 1.7) ratios at an OH exposure in the order of ~ 107 molecules cm-3 h agree with 

those measured for organic aerosols generated from C10-C17 alkanes (Lambe et al., 2011, 
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2012). As mentioned earlier, the four experiments (Exp. #1, #3, #4, and #5) were 

conducted in such a way that the total OH exposure is decreasing, whereas the total O3 

and RH exposure is increasing along with increasing experimental numbers (e.g., Exp. 5 

has the least OH exposure but the largest O3 and RH exposure). A clear trend observed 

from the van Krevelen plot is that O:C increases whereas H:C decreases under elevated 

O3 and RH levels. The effect of ozonolysis of substituted dihydrofuran chemistry on the 

aerosol chemical composition can be evaluated by comparing OSC (O:C vs. H:C) for 

these four experiments under the same OH exposure. Consistent with our findings in  

fCO2+ − fC2H3O+ space, the highest OSC is observed under the highest O3 exposure and RH 

level, but lowest OH exposure (98% substituted dihydrofuran reacts with O3 at 55% RH). 

With the same OH exposure, e.g., 1.5 × 107 molecules cm-3 h, the average carbon 

oxidation state increases from -1.36 in “O3-limiting” environments (Exp. #1) to -1.25 in 

“O3-dominant” environments (Exp. #5). One concludes that ozonolysis of substituted 

dihydrofuran plays an important role in the formation of highly oxidized aerosol in 

alkane SOA.  

3.5.5 Experiment and model comparison 

Figure 10 shows the temporal profiles of CIMS measured ions in (+/−) mode, with 

structures proposed in Table 2, together with the corresponding model predictions under 

conditions of Exp. #2. In general, four time-dependent growth patterns are observed in 

experiments, which are also captured by model predictions. “Pattern #1” denotes species 

with rapid removal pathways, e.g., m/z 301 (−), with a proposed structure of δ-

hydroxycarbonyl. In the current mechanism, the overall heterogeneous conversion rate of 
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δ-hydroxycarbonyl to substituted dihydrofuran is taken as 3 × 10-3 s-1. The model output 

is consistent with the observed time-dependent trend when this rate is used. Up to ~ 90% 

of m/z 301 (−) is consumed due to this rapid heterogeneous reaction pathway at 3% RH 

after 18 h of photooxidation. “Pattern #2” is indicative of a species that also reacts 

rapidly, but with a much slower consumption rate than species of “Pattern #1”. A typical 

example here is m/z 183 (+), which represents the alkyl-substituted dihydrofuran. The 

reaction rate constants of alkyl-substituted dihydrofuran with either OH or O3 are at least 

an order of magnitude higher than the generic reaction rate constant for the OH 

abstraction reaction, which is the dominant gas-phase pathway in the dodecane 

photooxidation mechanism. The simulated peak occurs ~ 2 h earlier than observations, 

indicating that the formation rate of alkyl-substitued dihydrofuran might be slower than 

the decay rate of its precursor, δ-hydroxycarbonyl, considering that fact that the acid-

catalyzed dehydration process in the particle phase is the rate-limiting step. The extent to 

which the formation rate is slower than the decay rate, however, is unknown since the 

measurement of rate constants for individual steps is infeasible in this study. “Pattern #3” 

reflects the temporal profiles for a majority of ions here, e.g., m/z 328 (−), 299 (−), 249 

(−), 315 (−), and 332 (−). Compounds proposed for the above m/z can be categorized as 

semi-volatile products. In the gas phase, they undergo functionalization or fragmentation, 

or partition into the particle phase as the precursors of SOA. Overall, the temporal 

profiles of species in “Pattern #3” are governed by the progressive photochemistry in the 

gas phase and gas-particle equilibrium partitioning. “Pattern #4”, including m/z 346 (−) 

and 328 (−) here, represent “nonvolatile” species. Owing to their low volatilities, they 

will immediately partition to the particle phase once formed and the gas-phase 
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photooxidation becomes negligible, although it might still occur via the OH attack on C-

atoms.  

    Figure 11 (A) shows the simulated SOA growth (SIM.1) using the initial conditions in 

Exp. #2, together with the observed total organic aerosol mass as a function of reaction 

time and OH exposure. The model reproduces the chamber measured SOA yield at 3% 

RH when the conversion rate of 3 × 10-3 s-1 is employed to represent the heterogeneous 

conversion of δ-hydroxycarbonyl to dihydrofuran. A second simulation (SIM.2) was run 

with the complete dihydrofuran chemistry removed while other parameters were held 

constant. The total organic mass is ~ 42% higher as a result after 18 h photooxidation. 

The formation of alkyl-substituted dihydrofuran from δ-hydroxycarbonyl is accompanied 

by an increase of vapor pressure from 5.36 × 10-7 to 1.08 × 10-4 atm at 300 K, as 

predicted by SIMPOL.1, and the total organic mass formed decreases. Although the 

addition of OH to the C=C double bond in the substituted dihydrofuran introduces an 

extra OH group, the decrease of vapor pressure owing to the addition of one OH group 

does not compensate for the heterogeneous conversion of both –C=O and –OH groups in 

δ-hydroxycarbonyl to an –O– group in a non-aromatic ring in dihydrofuran. The 

predicted the average carbon oxidation state is ~ 7 – 15% higher than observations. The 

overprediction is within the uncertainties in the O:C (31%) and H:C (10%) measurement 

by AMS (Aiken et al., 2008). Incorporation of the substituted dihydrofuran formation and 

removal pathways in the model leads to an increase in the simulated OSC. Compared with 

compounds produced from dodecane photooxidation under high-NOx conditions, 

products from dihydrofuran chemistry tend to have a higher O:C but lower H:C due to 

the formation of ether, ester, and carboxylic acid functional groups. As a result, the 
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calculated average carbon oxidation state is higher in the presence of chemical reactions 

that accelerate the aerosol aging process.  

3.6 Atmospheric Implications 

The importance of ozone in the SOA formation from the photooxidation of long-chain 

alkanes under atmospherically relevant conditions depends on two factors: 1) the relative 

concentration of O3 vs. OH; and 2) the heterogeneous conversion rate of δ-

hydroxycarbonyls to substituted dihydrofurans. Figure 12 shows regimes of ozonolysis 

vs. OH-oxidation of substituted dihydrofuran corresponding to ranges of OH and O3 

concentrations. The OH-initiated oxidation of substituted dihydrofuran is predicted to 

dominate only under remote atmospheric conditions. Most alkane emissions occur in 

areas where ozone levels exceed 10 ppb, where the ozonolysis of dihydrofuran should be 

dominant.  

    Under conditions of the current study, the substituted dihydrofuran chemistry is 

predicted to account for > 95% of the removal pathways of δ-hydroxycarbonyl (Fig. 1 D 

(H)) and up to ~ 80% of the total organic mass formed from dodecane photooxidation 

(Fig. 11 (B)). This estimate sets the upper limit in terms of the contribution of substituted 

dihydrofuran chemistry to alkane SOA production in the actual atmosphere, where the 

RH is higher (50% vs. 3%), the ambient aerosols are less acidic, and the organic aerosol 

masses are lower (~ 10 µg m-3) than in the chamber experiments (~ 50 µg m-3 after 3 h of 

irradiation). Experimental evidence in this study shows that the heterogeneous conversion 

still occurs at 50% RH but with less efficiency (Fig. 3). The water vapor abundance at 

50% RH, however, compensates for the production of the less substituted dihydrofuran, 
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leading to an eventually higher yield of carboxylic acids (Section 4.4). If the conversion 

of δ-hydroxycarbonyl to substituted dihydrofuran occurs efficiently in the atmosphere, 

this could be a source of carboxylic acid in the ambient aerosols. It has been suggested 

that the heterogeneous formation of substituted dihydrofuran is acid-catalyzed (Atkinson 

et al. 2008; Lim and Ziemann, 2009 a, b, c). Aerosols generated in the chamber 

environment in the presence of NOx are expected to be highly acidic due to the formation 

of HNO3. In the atmosphere, where ambient particles are less acidic or even neutralized, 

the heterogeneous conversion of δ-hydroxycarbonyl to substituted dihydrofuran might be 

a minor process.   

    In summary, two impacts of substituted dihydrofuran chemistry on alkane SOA 

formation are expected. First, the SOA yield from the photooxidation of long-chain 

alkanes can be overpredicted without accounting for substituted dihydrofuran formation 

and removal pathways. Second, a substantial amount of carboxylic acid, ester, and 

tetrahydrofuran moieties can be produced, leading to higher O:C but much lower H:C 

ratios, and thus a higher oxidation state of alkane SOA in general. In this manner, the 

dihydrofuran chemistry can be considered as a “dehydration” channel in alkane SOA 

formation.  
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Table 3.1. Experimental conditions for the photooxidation of dodecane. 

 Exp. 
T0 
(K) 

RH0 
(%) 

HC0 
(ppb) 

(NO)0 
(ppb) 

(NO2)0 
(ppb) 

(O3)0 
(ppb) 

Initial 
Seed vol. 
(µm3 m-3) 

Additional 
NO inj. 

(ppb/h)×(h) 

High-NOx
a 

1 ~ 300 ~ 3 208 430 576 < DLg 18 ⎯ 
2 ~ 300 ~ 3 208 287 12 ~ 2 24 Yc 
3 ~ 300 ~ 11 206 45 33 ~ 2 30 Yd 
4 ~ 300 ~ 20 178 38 156 ~ 2 28 Ye 
5 ~ 300 ~ 55 214 69 30 ~ 2 43 Yf 

Low-NOx
b 

6 ~ 300 ~  3 208 < DL < DL < DL 19 ⎯ 
7 ~ 300 ~  3 214 < DL < DL 32.6 25 ⎯ 
8 ~ 300 ~ 55 216 < DL < DL < DL 58 ⎯ 

 

a Under high-NOx conditions, the simulated NO concentration (> 5 ppb) is at least four 

orders of magnitude higher than RO2 (< 5 × 107 molecules cm-3). Over 99% of RO2 is 

predicted to react with NO.  

b Under low-NOx conditions, the simulated HO2 concentration (~ 1 × 1010 molecules cm-

3) is ~ 20 times higher than RO2 (~ 5 × 108 molecules cm-3). RO2 + HO2 dominates the 

fate of RO2. 

c NO source was controlled at 100 ppb/h for the first 7 h reaction and then 25 ppb/h for 

the remainder of the reaction.  

d NO source was controlled at 25 ppb/h over the course of the experiment. 

e NO source was controlled at 30 ppb/h for the first 3 h reaction and then 100 ppb/h for 

the next 1 h of reaction and then back to 30 ppb/h for the remainder of the reaction.  

f NO source was controlled at 50 ppb/h over the course of the experiment.  

g Detection limits (DL) for O3, NO, and NO2 are 0.5 ppb, 0.4 ppb, and 0.4 ppb, 

respectively. H2O2 has an interference on the O3 detection, increasing the O3 monitor 

readout by ~ 2-3 ppb in the current study.  
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Table 3.2. Proposed structures for CIMS ions unique to the alkyl-substituted 

dihydrofuran chemistry. C and T indicate the cluster and transfer product, respectively. 

Commercial standards are not available. 

Observed 
m/z 

Chemical 
formula 

Proposed 
structure 

Chemical 
pathway 

Interference 

183 (+) C12H22O 
 

Heterogeneous 
conversion 

 

328 (−) C12H21NO4 
 

Heterogeneous 
conversion ⎯ 

346 (−) C12H23NO5 
 

OH-oxidation 
 

299 (−) C12H22O3 
 

OH-oxidation 
Ozonolysis 

 

249 (−) C12H22O4 

 

Ozonolysis ⎯ 

315(−) C12H22O4 

 

Ozonolysis ⎯ 

332 (−) C11H21O5N 
 

Ozonolysis ⎯ 

348 (−) C11H21O6N 

 

Ozonolysis ⎯ 

301(−) C11H20O4 

 

Ozonolysis ⎯ 
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Figure 3.1 (a). Schematic mechanism for the photooxidation of dodecane under high-NOx 

conditions. Note only first-generation products are shown here. The boxes indicate 

compounds and associated reaction pathways incorporated in the model simulation.  
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Figure 3.1 (b). Schematic mechanism for the photooxidation of dodecane under low-NOx 

conditions. Note only the first three generations of products are shown here. The boxes 

indicate compounds and associated reaction pathways incorporated in the model 

simulation.  
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Figure 3.2 (a). Proposed mechanism for the OH-initiated oxidation of alkyl-substituted 

dihydfrofuran under high-NOx conditions. The boxes indicate compounds or reaction 

pathways incorporated in the model simulation. CIMS monitored species have m/z noted 

in red. Estimated vapor pressure (atm) of each compound is indicated in blue.  
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Figure 3.2 (b). Proposed mechanism for the ozonolysis of alkyl-substituted dihydfrofuran 

under high-NOx conditions. The boxes indicate compounds or reaction pathways 

incorporated in the model simulation. CIMS monitored species have m/z noted in red. 

Estimated vapor pressure (atm) of each compound is indicated in blue.  
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Figure 3.3. Model-predicted relative abundance of δ-hydroxycarbonyl and alkyl-

substituted dihydrofuran, together with other 1st generation products under high-NOx (H) 

and other 3rd generation products under low-NOx (L) conditions in gas (g) and particle (p) 

phases. All the organic masses are normalized by the initial organic mass (~ 200 ppb 

dodecane). (A) represents the relative abundance of products without a heterogeneous 

alkyl-substituted dihydrofuran formation channel; (B) represents the relative abundance 

of products when the heterogeneous channel is incorporated into the scheme but in the 

absence of any sink of alkyl-substituted dihydrofuran; (C) represents the relative 

abundance of products when the OH oxidation is the only sink of alkyl-substituted 

dihydrofuran; (D) represents the relative abundance of products using the complete gas- 

and particle- phase mechanism.  
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Figure 3.4. Temporal profiles of ion C12H22O⋅H+ (m/z = 183) and C12H24O2⋅CF3O- (m/z = 

285) measured by CIMS and ion C12H23O+ (m/z = 183) measured by AMS under high- 

and low-NOx conditions. Details of experimental conditions are given in Table 1.  
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Figure 3.5. Time-dependent evolution of ion C12H22O⋅H+ (m/z = 183) measured by CIMS 

and ion C12H23O+ (m/z = 183) measured by AMS at 3%, 10%, 20%, and 50% RH.  
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Figure 3.6. Time-dependent evolution of CIMS measured signals at m/z 299, and m/z 249 

and 315, as a function of O3 levels under high- and low-NOx conditions over the course 

of 20 h photooxidation. 
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Figure 3.7. Time-dependent evolution of AMS measured ion intensities of C2H4O2

+ and 

C3H5O2
+ as a function of decay of the C12H23O+ signal.  
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Figure 3.8. SOA evolution as a function of OH exposure vs. O3 exposure from dodecane 

photochemistry under high-NOx conditions in the f44 vs. f43 space. The top-left graph 

shows the combination of all the data and the bottom-left graph shows an expanded 

version. The other graphs show the specific behavior of each experiment: Exp.1 

corresponds to a regime in which OH-oxidation of dihydrofuran is dominant. Exp. 3, 4, 

and 5 correspond to a regime in which ozonolysis of dihydrofuran is dominant, at 10%, 

20%, and 50% RH, respectively. 
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Figure 3.9. (A) SOA average carbon oxidation state as a function of OH exposure from 

dodecane photochemistry under high-NOx conditions. Exp.1 corresponds to a regime in 

which OH-oxidation of dihydrofuran is dominant. Exp. 3, 4, and 5 correspond to a regime 

in which ozonolysis of dihydrofuran is dominant, at 10%, 20%, and 50% RH, 

respectively. (B) van Krevelen diagram. AMS measured O:C vs. H:C ratios for the four 

experiments under the OH total exposure ranging from 1.0 × 107 to 2.0 × 107 molecules 

cm-3 h. Gray dash lines denote the average carbon oxidation state.  
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Figure 3.10. Comparison of CIMS measured ions in positive and negative mode, with 

chemical structures proposed in Table 2, with model simulations using experimental 

conditions of Exp. #2.  
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Figure 3.11. (A) Comparison of the predicted dodecane decay and SOA growth with 

observations (Exp.#2). SIM1 represents the full mechanism simulations under initial 

conditions of Exp.#2. SIM2 is the simulations in the absence of the substituted 

dihydrofuran formation channel. (B) The contribution of dihydrofuran chemistry 

(DHF+OH/O3) vs. dodecane photochemistry (DOD+OH) to the total organic mass. (C) 

Molar fractions of major functional groups after 3 h of photochemical reaction (when 

alkyl-substituted dihydrofuran peaks and organic loading is ~ 50 µg m-3) as predicted by 

SIM1. Note that “other” includes dihydrofuran, tetrahydrofuran, and ether moieties. (D) 

Comparison of the predicted average carbon oxidation state with observations (Exp.#2). 
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Figure 3.12. Regimes of dominance of ozonolysis vs. OH-oxidation of substituted 

dihydrofuran. Daily maximum OH concentrations vary by regions in the troposphere, i.e., 

105 – 106 molecules cm-3 for background air, 106 – 107 molecules cm-3 for rural air, and > 

107 molecules cm-3 for urban air, with a global average concentration of 1 × 106 

molecules cm-3. Daily average surface ozone mixing ratios in rural areas are between 10 

and 50 ppb, while these can exceed 100 ppb in polluted urban areas. 
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Chapter 4  

Influence of vapor wall-loss in laboratory chambers on 

yields of secondary organic aerosol 
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4.1 Abstract 

Secondary organic aerosol (SOA) constitutes a major fraction of sub-micrometer 

atmospheric particulate matter. Quantitative simulation of SOA within air quality and 

climate models—and its resulting impacts—depends on the translation of SOA formation 

observed in laboratory chambers into robust parameterizations. Worldwide data have 

been accumulating indicating that model predictions of SOA are substantially lower than 

ambient observations. While possible explanations for this mismatch have been 

advanced, none has addressed the laboratory chamber data themselves. Losses of 

particles to the walls of chambers are routinely accounted for, but there has been little 

evaluation of the effects on SOA formation of losses of semi-volatile vapors to chamber 

walls. Here, we experimentally demonstrate that such vapor losses can lead to 

substantially underestimated SOA formation, by factors as much as 4. Accounting for 

such losses has the clear potential to bring model predictions and observations of organic 

aerosol levels into much closer agreement. 

4.2 Introduction 

Most of the understanding concerning the formation of secondary organic aerosol (SOA) 

from atmospheric oxidation of volatile organic compounds (VOCs) over the past 30 years 

has been developed from data obtained in laboratory chambers (Odum et al., 1997). SOA 

is a major component of particulate matter smaller than 1 µm (Jimenez et al., 2009) and 

consequently has important impacts on regional and global climate and human health and 

welfare. Accurate simulation of SOA formation and abundance within 3D models is 

critical to quantifying its atmospheric impacts. Measurements of SOA formation in 



 4-3 
laboratory chambers provide the basis for the parameterizations of SOA formation 

(Odum et al., 1996) in regional air quality models and global climate models (Carlton et 

al., 2010). A number of studies indicate that ambient SOA concentrations are 

underpredicted within models, often substantially so, when these traditional 

parameterizations are used (Heald et al., 2005; Volkamer et al., 2006). Some of this bias 

has been attributed to missing SOA precursors in emissions inventories, such as so-called 

intermediate volatility organic compounds (IVOCs), to ambient photochemical aging of 

semi-volatile compounds occurring beyond that in chamber experiments (Robinson et al., 

2007) or to aerosol water/cloud processing (Ervens et al., 2011). The addition of a more 

complete spectrum of SOA precursors into models has not, however, closed the 

measurement/prediction gap robustly. For example, recent analysis of organic aerosol 

(OA) concentrations in Los Angeles revealed that observed OA levels, which are 

dominated by SOA, exceed substantially those predicted by current atmospheric models 

(Ensberg et al., 2013), in accord with earlier findings in Mexico City (Dzepina et al., 

2011).    

    Here, we demonstrate that losses of SOA-forming vapors to chamber walls during 

photooxidation experiments can lead to substantial and systematic underestimation of 

SOA. Recent experiments have demonstrated that losses of organic vapors to the 

typically Teflon walls of a laboratory chamber can be substantial (Matsunaga and 

Ziemann, 2010), but the effects on SOA formation have not yet been quantitatively 

established. In essence, the walls serve as a large reservoir of equivalent OA mass that 

compete with the particulate SOA for SOA-forming compounds.   



 4-4 

4.3 Materials and methods 

4.3.1 Chamber experiments 

Toluene photooxidation experiments were carried out in the new 24 m3 Teflon 

environmental reaction chambers at Caltech. Liquid toluene was evaporated into the 

chamber to achieve a concentration of ~38 ppb gas-phase mixing ratio (= 143 mg m-3). 

Hydroxyl radicals were generated from photolysis of H2O2 either with (high-NOx) or 

without (low-NOx) addition of NO to the chamber. Dried ammonium sulfate seed 

particles were added via atomization of an aqueous solution of ammonium sulfate 

solution until the desired seed concentration was obtained. The toluene, seed particles, 

H2O2 and NOx were allowed to mix in the chamber for 1 hour, after which time the black 

lights were turned on to initiate H2O2 photolysis. Particle number size distributions were 

measured using a cylindrical differential mobility analyzer coupled to a condensation 

particle counter. More details are available in Supplementary Materials. 

4.3.2 SOA modeling 

The statistical oxidation model (SOM) (Cappa and Wilson, 2012) was used to analyze the 

experimental observations. The SOM simulates the multi-generational gas-phase 

oxidation of a precursor VOC that has NC carbon atoms and NO oxygen atoms as 

reactions cause the precursor and product species to functionalize, increasing NO, and/or 

fragment, decreasing NC. Addition of oxygen atoms leads to a decrease in vapor pressure, 

which drives condensation of the gas-phase species. Mass-transfer between the gas and 

particle phases is treated dynamically. The parameters that describe functionalization, 

fragmentation and the decrease in vapor pressure upon oxygen addition are adjusted by 
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fitting to the experimental observations of time-dependent SOA formation. More details 

are provided in Supplementary Materials. 

4.4 Toluene photooxidation experiments 

The effect of vapor wall loss on SOA formation has been comprehensively assessed 

based on results from a series of 18-h toluene photooxidation experiments conducted in 

the Caltech environmental chamber under both high- and low-NOx conditions 

(Supplementary Materials, Toluene photooxidation experiments, Table S1). Toluene is a 

component of motor vehicle emissions and an important SOA precursor (Odum et al., 

1997). Initial [VOC]/[NOx] ratios were 5.4 ± 0.3 ppbC/ppb, similar to current conditions 

in Los Angeles, CA. In these experiments, the ratio of initial seed particle surface area 

(SA) to chamber wall SA was systematically varied by changing the concentration and 

diameter of (NH4)2SO4 seed aerosol while keeping all other conditions the same (i.e. 

hydroxyl radical (OH) and toluene concentration). In this manner, the influence of seed 

SA on SOA formation can be isolated.  

    Figure 1 shows the observed time-dependent SOA yields, defined as the mass of SOA 

formed per mass of VOC reacted, determined from the evolution of the particle size 

distributions (Fig. S1) as a function of initial seed SA for the high- and low-NOx 

experiments. The SOA concentrations have been corrected for physical deposition of 

particles to the walls (Supplementary Materials, Particle wall-loss correction), which is 

the appropriate correction to use here as our analysis explicitly accounts for loss of 

vapors to the walls, discussed further below. Except for the unseeded experiment, the 

SOA yield for each low-NOx experiment is reasonably constant with time (from 4 to 18 

h) and COA at any given SA. For each high-NOx experiment there is a clear increase in the 
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yield with COA and time. The toluene SOA yield at a given COA is generally lower for 

high-NOx than for low-NOx conditions at a comparable initial seed SA. These differences 

in the time-dependent yields indicate differences in the chemical pathways leading to 

SOA formation between low and high-NOx conditions. Most importantly, the absolute 

amount of SOA formed for the same initial conditions increases with seed SA, with an 

indication of a plateau being reached at the highest seed SA. The SOA formed in the 

unseeded experiments is particularly small. Typical laboratory chamber experiments use 

initial seed SA < 103 m02 cm-3, which corresponds to seed-to-wall ratios of <1 x 10-3 in 

most chambers. These experiments definitively demonstrate that SOA yields vary with 

seed SA. This variability may partially explain some of the differences in SOA yields 

reported in the literature. 

4.5 SOA modeling and the influence of vapor wall loss 

The increase in yield with seed SA is consistent with loss of vapors to the chamber walls 

and likely results from an increase in the rate of mass transfer of vapor species to the 

particles relative to the walls. Quantitative understanding of the role of vapor wall-loss is 

necessary to characterize the extent to which SOA yields in chamber experiments are 

underestimated relative to the atmosphere. The loss of “extremely low volatility” organic 

compounds (EVLOCs) to chamber walls has recently been implicated as important for 

understanding SOA formation for a different chemical system, α-pinene + O3 (Ehn et al., 

2014; Kokkola et al., 2014). The competition between vapor condensation to particles 

versus to chamber walls is quantitatively examined here using a time-dependent, 

parameterizable model of SOA formation, the statistical oxidation model (SOM) (Cappa 

and Wilson, 2012; Cappa et al., 2013) (Supplementary Materials, The Statistical 
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Oxidation Model). The SOM accounts for vapor wall-losses based on observations 

showing that wall-losses of semi-volatile species in Teflon chambers are reversible 

(Matsunaga and Ziemann, 2010). Such wall-loss is modelled dynamically and depends on 

the equivalent OA mass of the chamber walls (Cw, mg m-3), the first-order vapor wall-

loss rate coefficient (kw, s-1), and the vapor saturation concentration of compounds i (Ci
*, 

µg m-3). kw reflects the combined effects of turbulent mixing in the chamber, molecular 

diffusion of vapor molecules through the near-wall boundary layer, and any penetration 

into chamber walls. kw is likely to be chamber-specific, as the extent of turbulent mixing 

depends on specific chamber operating conditions, but is reasonably independent of 

compound identity (Matsunaga and Ziemann, 2010). Values of kw for a range of gases 

were estimated in one study (McMurry and Grosjean, 1985) to range from ~ 2 x 10-5 - 

10-3 s-1, corresponding to timescales of many hours to 10 minutes. The largest kw values 

are appropriate only for chambers with active mixing, which the Caltech chamber does 

not have (Supplementary Materials, Vapor wall-loss). Observations (Matsunaga and 

Ziemann, 2010) suggest that Cw varies somewhat with compound identity, ranging from 

~2-24 mg m-3, compared to chamber OA concentrations that are usually 1-3 orders of 

magnitude smaller; a value of 10 mg m-3 is used here as the base-case. Gas-particle 

partitioning is modelled dynamically assuming absorptive partitioning, including 

correction for non-continuum effects and imperfect accommodation, the latter of which is 

characterized by the mass accommodation coefficient, α. The accommodation coefficient 

reflects the overall transfer of vapor molecules into the particle bulk, and is likely 

dependent on the chemical make-up of both the vapor and particle phases and processes 

that occur at the particle surface. This formulation is more general than most previous 
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analyses of SOA formation in environmental chambers, which typically assume 

instantaneous gas-particle equilibrium.  

    Optimal values for kw and α have been determined for the sets of low- and high-NOx 

experiments by comparing observed and simulated best-fit time-dependent COA profiles 

for a wide range of kw and α. The kw/α pair that provides for the best overall agreement 

with the time-dependent SOA formation observed across all experiments at a given NOx 

condition, excluding the nucleation experiments, is considered the optimal solution (Fig. 

2a-b) (Supplementary Materials, Optimizing kw and α, Fig. S3). For low-NOx 

experiments, the optimal kw = 2.5 x 10-4 s-1 and α = 2 x 10-3. The independently 

determined values for high-NOx experiments are similar: kw = 2.5 x 10-4 s-1 and α = 1 x 

10-3. The simulations provide good overall agreement with the observed seed SA 

dependence only for a combination of a small α and kw ~ O(10-4) s-1, indicating that both 

parameters are important to describing chamber SOA formation. (It should be noted that 

a reasonable fit for an individual experiment can be obtained for many kw/α pairs, 

including when instantaneous gas-particle equilibrium is assumed, i.e., when α = 1. This 

is not meant to imply that the absolute values of these parameters are not important, but 

that only in analyzing the combined data sets at multiple seed SA can optimal kw and aand 

optimal data sets at multiple The determined optimal kw values are consistent with 

theoretical estimates Supplementary Materials, Vapor wall-loss, Fig. S4) and some 

observations (Matsunaga and Ziemann, 2010), but larger than some previous 

observations in the Caltech chamber (Loza et al., 2013), most likely reflecting the limited 

time resolution of those observations, which might not have allowed for separation of 
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filling and mixing of the chamber from wall-loss, but potentially also reflecting 

differences between chemical systems. 

    The small optimal α values required to reproduce the observed seed SA dependence 

likely reflect mass-transfer limitations within the particle phase, which can occur for 

highly viscous SOA particles (Shiraiwa et al., 2013). When α ~ 10-3, mass 

accommodation is relatively slow and the vapors and particles cannot be assumed to be in 

instantaneous equilibrium. The timescale associated with reaching gas-particle 

equilibrium (tg-p,eqm) varies with seed SA and size (Supplementary Materials, Gas-particle 

partitioning timescales, Fig. S5). Given  α = 10-3, tg-p,eqm ranges from ~230 min for the 

smallest seed SA to only ~30 min for the largest seed SA. Thus, at the smallest seed SA 

tg-p,eqm is similar to the timescale determined for gas wall-loss (1/kw = 67 min) and the 

influence of gas wall-loss is more pronounced.  

    Importantly, loss of condensable vapors to the chamber walls leads to a low-bias in the 

observed SOA formed even for the experiments with the highest seed SA. To 

quantitatively assess this bias, simulations have been performed using the best-fit SOM 

parameters determined for the optimal kw/α pair above, but with kw = 0 (no wall-loss). 

The ratio Rwall = CSOA(kw=0)/CSOA(kw,optimal) has been calculated for each experiment and 

quantifies the bias in the SOA yield due to traditionally unaccounted for vapor wall-

losses. The magnitude of Rwall depends on the experiment considered, decreasing with 

increasing seed SA and reaching a plateau at large seed SA (Fig. 2c). For the seeded 

experiments, Rwall averaged over the period when COA > 0.5 µg m-3 varied from 3.6 (±0.6) 

to 2.1 (±0.2) for low-NOx and from 4.2 (±0.9) to 2.1 (±0.2) for high-NOx in going from 

lowest to highest seed SA, and where the uncertainties are one standard deviation over the 
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averaging period. These ratios correspond to end-of-experiment corrected mass yields of 

1.6 (low-NOx) and 0.93 (high-NOx), substantially exceeding the values currently used in 

chemical transport models for toluene (~0.47 for low-NOx and ~0.12 for high-NOx). 

Given an O:C ratio for toluene + OH SOA of ~0.7 (Chhabra et al., 2011), the carbon 

yields would be 0.94 (low-NOx) and 0.55 (high-NOx). (The calculated end of experiment 

O:C are 0.67 (low-NOx) and 0.91 (high-NOx).)  This implies that ~6% and ~55% of the 

product carbon mass remains in the gas-phase for low and high-NOx conditions, 

respectively. The oxidation process is a balance between functionalization and 

fragmentation. In the absence of fragmentation, the carbon yield would asymptote to 

100%. The low-NOx carbon yield in the absence of vapor wall loss is close to 100% and 

the SOA yield is approximately independent of the total OA mass, which together 

indicate that fragmentation plays only a minor role. Fragmentation is comparably more 

important under high-NOx conditions.   

    Interestingly, Rwall values similar to those determined for the optimal kwall/α pair are  

obtained when vapor wall-loss is accounted for (i.e. kw ≠ 0) but when it is assumed that α 

= 1 (i.e. that gas-particle equilibration is effectively instantaneous) during fitting of each 

individual experiment (Fig. 2c). This indicates that the magnitude of α is not key to 

fitting of an individual experiment, but when the experiments are taken together as a 

combined dataset α is indeed key to matching the observed dependence on seed surface 

area. Related, α is not key to there being an influence of vapor wall-loss on the overall 

SOA yield, which is controlled more-so by the magnitude of kw. The finding that large 

Rwall values are obtained even when α = 1 indicates that the general conclusions here 

regarding vapor wall-loss are robust with respect to knowledge of α. This is important 
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because other chemical systems might not exhibit as slow mass accommodation but could 

still be affected by vapor wall loss. Clearly, loss of condensable vapors to the chamber 

walls can suppress SOA yields relative to those that are relevant for the atmosphere.  

4.6 Dependence on experimental conditions 

For a given chamber the extent to which vapor wall loss affects SOA yield will depend 

on the combination of (i) the rate of oxidation and duration of a given experiment, (ii) the 

precursor VOC concentration, (iii) the particular chemical pathways associated with 

oxidation of a given species, i.e. the precursor identity, and (iv) the seed SA. This is 

illustrated for the toluene low-NOx system by carrying out a series of 18 h simulations 

where [OH] is varied from 1-100 x 106 molecules cm-3 and [toluene]initial from 1-300 ppb 

for a seed SA = 1000 m=2 cm-3 using the SOM parameters and optimal kw/ahe SOM 

parameters. The calculated Rwall varies with oxidant and precursor concentration 

(actually, VOC loss rate), with smaller Rwall when oxidation is faster and at larger 

precursor VOC concentration (Fig. 3 and Fig. S6). (Note that these calculations do not 

account for differences that might result from changes in the relative importance of 

RO2+HO2 versus RO2+RO2 reactions as [VOC]initial and [OH] are varied.)  Such “rate 

effects” have been observed for SOA produced in aromatic systems (Ng et al., 2007). The 

seed SA dependence is substantially reduced when the [VOC]initial is large, especially at 

high [OH]. Overall, these dependencies, along with differences in the initial seed SA, may 

help explain some of the differences (and similarities) in historical aerosol yields 

measured in different chambers.  
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4.7 Vapor losses and sensitivity to Cw 

The observed time-dependent COA to which the SOM was fit were corrected to account 

for physical deposition of the particles to the walls. Loss of vapors, excluding growth of 

suspended particles, was separately accounted for assuming that the vapors continuously 

interact with the Teflon chamber walls, with Cw = 10 mg m-3 (Matsunaga and Ziemann, 

2010). Some previous studies (Hildebrandt et al., 2009, Loza et al., 2012) have 

alternatively assumed that vapors interact only with particles that have deposited to the 

walls during that experiment, as opposed to with the walls directly, and further that the 

time-scales associated with partitioning between vapors and suspended or wall-deposited 

particles are the same (Supplementary Materials, Particle wall-loss correction). In this 

alternative scenario, the effective Cw is time-dependent (and zero at the start of an 

experiment) and related to the suspended particle concentration and the particle wall-loss 

rate. Most chamber experiments aim to limit the extent of particle deposition, and thus it 

is reasonable to assume that, in general, the concentration of wall-deposited particles is 

less than the suspended particle concentration. Further, most modern experiments limit 

the observed COA to < 0.1 mg m-3, and thus the effective Cw in this alternative case will 

be substantially smaller than when vapors are assumed to partition into the chamber 

walls.  

    It is therefore useful to examine the dependence of the calculated Rwall on the assumed 

Cw, where an assumed Cw < ~0.1 mg m-3 corresponds approximately to the wall-

deposited particle alternative scenario. This has been done for the low-NOx experiments 

where the SOM was fit to the observations for different assumed Cw, with good fits 

obtained for all Cw. Above Cw = 0.2 mg m-3 (= 200 µg m-3) the calculated Rwall is 
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constant. Below 0.2 mg m-3 the calculated Rwall falls off, reaching a second plateau at 

small Cw that is still above unity (Fig. 4). The plateaus at high and low Cw result from the 

best-fit SOM parameters varying with Cw to compensate for the differing amounts of loss 

of vapors to the walls while still maintaining the same suspended COA time-profile (Fig. 

S7). Since measurements demonstrate that vapors are lost directly to Teflon walls 

(Matsunaga and Ziemann, 2010), this indicates that when vapor wall-loss is accounted for 

assuming that the vapors interact only with wall-deposited particles the extent of the 

vapor loss is underestimated. That Rwall is constant above Cw = 0.2 mg m-3 demonstrates 

that our conclusions are robust with respect to the assumption regarding the exact value 

of Cw. 

4.8 Consideration of historical experiments 

To estimate the potential influence of vapor wall-losses for systems other than toluene, 

we calculated SOA yield biases for a variety of other VOCs (Ng et al., 2007; Chan et al., 

2009; Chhabra et al., 2011, Loza et al., 2012; Cappa et al., 2013) (Supplementary 

Materials, Fitting of historical chamber data). It should be noted that the experimental 

conditions in the historical experiments are not identical to those for the toluene 

experiments, especially for high-NOx conditions (Supplementary Materials, Historical 

Experiments). Although kw for a given chamber is reasonably independent of the 

precursor compound, areasonably independent of the precursor. The results for the 

toluene experiments indicate that smaller α values generally correspond to larger 

Rwall. Therefore, a conservative, likely lower-bound estimate of Rwall has been obtained 

for each precursor assuming that α = 1 during fitting and using kw = 1 x 10-4 s-1 (instead 

of 2.5 x 10-4) to account for potential differences in the chamber used for these historical 
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experiments (Figs. S8-S10). The use of a smaller kw will decrease Rwall, all other factors 

being equal. Calculated Rwall values range from as small as 1.1 to as large as 4.1 (Table 1 

and Fig. S11). The typically smaller values for the high-NOx vs. low-NOx experiments 

reflect the much shorter reaction timescales and higher oxidant and NOx concentrations in 

the historical high-NOx experiments, as compared to the current experiments with 

toluene. Evidently, the extent to which vapor wall-loss will have influenced historical 

experiments is variable, yet potentially substantial and deserving of further investigation 

through new experiments and consideration of other datasets. Importantly, the results 

here indicate that quantitative analysis of SOA formation in chambers requires use of an 

explicitly time-dependent model that accounts for the simultaneous and competing 

condensation of vapors onto particles versus onto the chamber walls, representing a 

major shift from most historical analyses, which did not take time explicitly into account. 

4.9 Implications 

Our results show that the effect of vapor wall loss on SOA yields can be substantial. If 

reported SOA yields are low by factors of ~ 1.1-4.2, as our results suggest they may be, 

then SOA concentrations simulated in 3D models will be correspondingly low. While the 

analysis presented here for the toluene SOA system needs to be comprehensively 

expanded to other main classes of SOA precursors, beyond the assessment above, it is 

likely that a lack of proper accounting for vapor wall-losses that suppress chamber-

derived SOA yields contribute substantially to the underprediction of ambient SOA 

concentrations in atmospheric models.  
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Table 4.1. Average biases in SOA yields due to vapor wall-losses for various VOCs 

under low- and high-NOx conditions. 

VOCa Low-NOx 

Rwall
b 

High-NOx 

Rwall
b 

toluene (this study) 2.1 – 3.6 2.1 – 4.2 

n-dodecane (Loza et al., 2014) 4.1 ± 0.8d 1.16 ± 0.08 

2-methylundecane (Loza et al., 2014) 3.7 ± 0.5 1.4 ± 0.2 

cyclododecane (Loza et al., 2014) 3.0 ± 0.3 1.10 ± 0.05 

hexylcyclohexane (Loza et al., 2014) 2.4 ± 0.3 1.16 ± 0.07 

toluene (Ng et al., 2007) 1.9 ± 0.4 1.13 ± 0.06 

benzene ( Ng et al., 2007) 1.8 ± 0.4 1.25 ± 0.1 

m-xylene ( Ng et al., 2007) 1.8 ± 0.4 1.2 ± 0.1 

m-xylene (Loza et al., 2012) 1.6 ± 0.3 - 

naphthalene (Chan et al., 2009) 1.2 ± 0.1 1.2 ± 0.1 

α-pinene + OH (Chhabra et al., 2011) 1.6 ± 0.3 1.3 ± 0.1 

isoprene + OH (Chhabra et al., 2011) 3.14 2.22 
 

a For all VOC’s except toluene (this study), kw = 1x10-4 s-1 and α = 1. For toluene (this 

study), kw = 2.5x10-4 s-1 and α = 0.002 (low NOx) or 0.001 (high-NOx). 

b Calculated for the period when CSOA > 0.5 µg m-3 through the end of a given 

experiment. 

c For toluene, the reported Rwall indicate the range of values determined at different initial 

seed SA. 

d Uncertainties are 1sncertainties are 1 of value. 
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Figure 4.1. Hourly averaged lower bound SOA yields over the course of a toluene 

photooxidation experiment as a function of initial AS seed surface area for (A) high-NOx 

and (B) low-NOx conditions. Symbol color indicates the SOA mass concentration and 

symbol size the time after lights were turned on. The filled circles are from the current 

experiments and the open diamonds from Ng et al. (2007). The dashed gray line and × are 

the end-of-experiment yields from the optimized best-fit SOM simulations. 
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Figure 4.2. Observed (points) and simulated (lines) SOA concentrations for each 

photochemical oxidation experiment performed for different initial inorganic seed surface 

area for (A) low-NOx and (B) high-NOx conditions. The dashed lines indicate the 

experiment to which the SOM was explicitly fit, and the solid lines indicate simulation 

results based on those fits. (C) The wall-loss bias factor, Rwall, as a function of seed 

surface area. Filled symbols use the optimal kw/α pair and the corresponding best-fit 

SOM parameters determined from (A) and (B). Open symbols assume α = 1 and each 

experiment was individually fit using the optimal kw. The error bars indicate the 1σ 

standard deviation in Rwall for each experiment over the period when COA > 0.5 mg m-3. 
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Figure 4.3. Calculated SOA yield bias as a function of initial toluene concentration and 

OH concentration when kw = 2.5 x 10-4 s-1 and Cw = 10 mg m-3. The Rwall values for a 

given [toluene] and [OH] are indicated by colors and contours and are averaged over the 

period when CSOA > 0.5 µg m-3 to the end of an experiment at 18 h. Results are based on 

the optimal fit of the SOM to the low-NOx experiments. 
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Figure 4.4. Calculated vapor wall-loss bias, Rwall, as a function of the effective wall mass 

concentration, Cw, for the low-NOx toluene photooxidation experiments at varying initial 

seed surface area. For each Cw, the SOM was fit to the experiment with seed surface area 

= 5.5 x 103 µm2 cm-3 using kw = 2.5 x 10-4 s-1 and α = 2 x 10-3. The determined best-fit 

SOM parameters were then used to simulate SOA formation for the experiments 

performed at other seed concentrations but assuming the same Cw. 
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Supplemental Materials 

S4.1  Experiments 

S4.1.1  Toluene Photooxidation Experiments 

Toluene SOA formation experiments were conducted in the new Caltech dual 24-m3 

Environmental Chambers, in which the temperature (T) and relative humidity (RH) 

are automatically controlled. Prior to each experiment, the Teflon chambers were 

flushed with clean, dry air for 24 h until the particle number concentration < 10 cm-3 

and volume concentration < 0.01 µm3 cm-3. Ammonium sulfate (AS) seed aerosol was 

injected into the chamber by atomizing 0.015 or 0.1 M aqueous (NH4)2SO4 solution 

into the chamber for 30 to 120 min. The resulting total AS seed surface area ranged 

from ~ 1 × 103 µm2 cm-3 up to ~ 1 × 104  µm2 cm-3, and the corresponding particle-to-

wall surface area ratio ranged from ~ 1 × 10-3 to 7 × 10-3. Hydrogen peroxide (H2O2) 

was used for the OH source by evaporating 120 µL of 50% wt aqueous solution into 

the chamber with 5 L min-1 of purified air for ~ 100 min, resulting in an approximate 

starting H2O2 concentration of 2.0 ppm. 3 µL toluene (Sigma-Aldrich, 99.8% purity) 

was injected into a glass bulb, which was connected into the Teflon chamber. 5 L min-

1 of purified air flowed through the glass bulb into the chamber for ~ 15 min, 

introducing ~ 40 ppb toluene into the chamber. For experiments at elevated NOx (i.e. 

high-NOx conditions) NO and NO2 were added to the chamber at the start of a given 

experiment until the concentrations were ~17 ppb and 30 ppb, respectively. The initial 

[VOC]/[NOx] in the high-NOx experiments ranged from 4.8-6.0 ppbC/ppb. After ~ 90 

min mixing, photooxidation was initiated by irradiating the chamber with black lights 
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with output wavelength ranging from 300 to 400 nm. The irradiation leads to 

photolysis of H2O2 to produce OH radicals with an approximately constant 

concentration throughout the entire experiment. Temperature and relative humidity of 

all experiments were ~298 K and ~3%, respectively. The initial O3 concentration was 

below detection limit in all experiments. H2O2 exerts an interference on the O3 

detection, increasing the O3 monitor readout by ~ 2-3 ppb in the current study. NO 

was continuously injected into the chamber over the course of each experiment at 80 

ppb h-1 for the first 2.5 h of reaction, then 50 ppb h-1 for the next 4.5 h of reaction, and 

then 30 ppb h-1 for the remainder of the reaction. Experimental conditions (e.g. 

[VOC], seed surface area, [NOx]) for each experiment are reported in Table S1. 

    A suite of instruments was used to monitor toluene SOA formation and evolution. 

T, RH, NO, NOx and O3 were continuously monitored. Toluene concentration was 

monitored using a gas chromatograph with flame ionization detector (GC/FID, 

Agilent 6890N), equipped with a HP-5 column (15 m × 0.53 mm ID × 1.5 µm 

thickness, Hewlett-Packard). Particle size distribution and number concentration were 

measured by a cylindrical differential mobility analyzer (DMA; TSI Model 3081) 

coupled to a condensation particle counter (TSI Model 3010). The DMA was operated 

in a closed system with a recirculating sheath and excess flow of 2.67 L min-1 and a 

5.4 : 1 ratio of sheath to aerosol flow rate. The column voltage was scanned from 15 

to 9850 V over 45 s. 

S4.1.2  Historical Experiments 

All the other SOA formation experiments used in SOM optimal fitting were carried 

out in the Caltech dual 28-m3 Environmental Chambers. Details of experimental 
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protocols can be found in (Cappa et al., 2013; Chan et al., 2009; Chhabra et al., 2010, 

2011; Loza et al., 2012; Ng et al., 2007). Experimental conditions are reported in 

Tables S2 and S3 and differences in methodology from the above toluene 

photooxidation experiments are highlighted below. An identical suite of 

instrumentation was used as in the toluene photooxidation experiments. The historical 

experiments typically had seed SA around 1-2 x 103 cm-3, corresponding to the lowest 

seeded experiments in the toluene photooxidation experiments. The majority of the 

historical low-NOx experiments examined in this study used similar methods and 

conditions as the new toluene experiments, i.e. used H2O2 as the OH source. The 

experimental procedures associated with the high-NOx experiments differed from the 

new toluene experiments. Specifically, for the historical high-NOx experiments the 

primary OH source was HONO photolysis, as opposed to H2O2 photolysis. This has 

the practical implication of leading to reaction conditions where (i) the OH 

concentration is initially ~O(107 molecules cm-3) and decays rapidly over a period of 

~1-3 hours and (ii) the initial [VOC]/[NOx] ratio tends to be much smaller compared 

to the current experiments. Thus, the timescales of SOA formation during the 

historical high-NOx experiments were, in general, very different than for the toluene 

photooxidation experiments: rapid formation over approximately 1-2 hours vs. 

continuous formation over 18 hours. For high-NOx experiments, NOx was added prior 

to the lights being turned on both from the HONO injection, which introduces some 

NO2, and from addition of NO. Additional NO was produced upon photolysis of 

HONO. Typical initial NOx concentrations were on the order of 500 ppb, 

corresponding to initial [VOC]/[NOx] of ~0.5 ppbC/ppb (Table S3). 
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S4.1.3  Particle Wall-Loss Correction 

Particle wall losses during an experiment must be accounted for. Two limiting 

assumptions have been made for the interactions between those particles that have 

deposited on the wall and suspended vapors in determining the corrected suspended 

SOA concentrations (Hildebrandt et al., 2009; Loza et al., 2012; Weitkamp et al., 

2007). In one case, particles deposited on the wall are assumed to cease interaction 

with the suspended vapors and no loss of vapors to the walls is accounted for. This 

case gives the lower bound of the total organic mass concentration, since particles 

remain the same size as at the moment they deposited on the wall for the remainder of 

the experiment. SOA concentrations determined from this case are used for the 

primary analysis in the manuscript, which is appropriate because vapor loss to the 

walls is treated separately. In the second limiting case, particles deposited on the wall 

are assumed to continue to interact with the suspended vapors as if they had remained 

suspended, with the wall-bound particles assumed to grow at the same rate as 

suspended particles in the chamber. The corrected SOA concentrations in this case are 

larger than in the first case because of the additional uptake of vapors to wall-bound 

particles. This case provides an upper-bound on the actual SOA formed under the 

assumption that the vapors interact with wall-bound particles, but not the Teflon walls 

(Hildebrandt et al., 2009; Loza et al., 2012; Weitkamp et al., 2007). However, 

traditional application of this second case does not account for the substantially 

differing timescales of gas-particle vs. gas-wall transport, nor does it account for loss 

of vapors to the chamber walls and the substantially larger amount of effective 

absorbing mass of the walls (Cw) compared to the deposited particles. Compared with 
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Cw (10 mg m-3), which is assumed as a constant from the onset of the experiment, the 

total organic mass deposited on the chamber wall over the course of 18 h 

photooxidation is ~ 3 orders of magnitude lower. As such, this “upper bound” can 

underestimate the actual SOA formation, as it accounts for only a subset of the overall 

vapor wall-loss correction. Nonetheless, the “upper bound” corrected results are 

provided for reference to previous experiments.  

    For either case, the Aerosol Parameter Estimation (APE) model (Pierce et al., 

2008), derived on the basis of the aerosol general dynamic equation (Seinfeld and 

Pandis, 2006), is employed to calculate these two limits. The suspended particle 

population evolves as a result of three processes: coagulation, condensation, and wall-

loss. The change of suspended particle number-size distribution due to coagulation is 

well constrained. The size-dependent wall loss rate is determined by experimentally 

monitoring the decay of dry inert (NH4)2SO4 particles assuming first-order kinetics. 

The condensation rate is the only free parameter in the model, which can be obtained 

by optimal fitting of the APE model predictions to the DMA measured particle size 

distribution at each time step. Once the condensation rate values are estimated, they 

can be applied to parameterize the growth of particles on the walls due to 

condensation of gaseous vapor and deposition of suspended particles. A factor that 

describes the extent of interactions between deposited particles and suspended vapors 

is applied when summing aerosol masses in the chamber core and on the walls. A 

value of 0 for this factor corresponds to no condensation to deposited particles. A 

value of 1 for this factor corresponds to the case where the condensation rate of 

gaseous vapors to deposited particles is the same as those suspended. The primary 
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analysis in this work utilizes the corrected particle mass under the assumption of no 

condensation to deposited particles because vapor wall loss is treated separately. The 

evolution of the wall-loss corrected particle size distributions is shown for each 

experiment in Figure S4.1 for the lower limit case. The time-dependent aerosol 

growth, from which the aerosol yield can be calculated, is shown for each experiment 

in Figure S4.2 for both limiting cases. 

S4.2  Optimizing kw and α  

The optimal values of kw and α were determined using the general procedure as 

outlined below. There were a total of 6 experiments conducted for each NOx 

condition, 5 with seed aerosol and 1 without. Only the seeded experiments are 

considered in the optimization method because of difficulties associated with 

specification of nucleation. The SOM was fit to one of these 5 seeded experiments for 

a variety of kw and α values. For each kw/α pair a set of best-fit SOM parameters (i.e. 

DLVP, mfrag and the Pfunc array) were determined. Specifically, the experiments with 

seed SA = 5.5 x 103 mm2 cm-3 (low-NOx) and SA = 3.5 x 103 mm2 cm-3 (high-NOx) 

were used for fitting. These best-fit SOM parameters and the associated kw/α pair 

were then used to simulate SOA formation for the other 4 seeded experiments. 

Reduced goodness of fit metric (c2
red) values were calculated for each experiment as: 

χred
2 = 

1
n-6-1 (

COA,obs(t)  -  COA, modle(t)
σOA,obs(t)

)
2

                                                               (S4.1) 

where n is the number of data points per experiment, 6 is the number of model 

degrees of freedom and sOA,obs is the uncertainty in the observations. For each 
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experiment, the minimum c2
red across all kw/α pairs was determined, and the set of 

c2
red values for each experiment was normalized by the minimum in that set. 

Normalization ensures that the different experiments carry equal weight in the next 

step. The composite c2
red across all seeded experiments was then determined as: 

χred,composite
2 kw,α = χred,norm,i

2 kw,α                                                                       (S4.2)5
i=1        

where the sum is over the normalized c2
red for all seeded experiments. Smaller values 

of the composite c2
red indicate overall better agreement across all of the seeded 

experiments for a given set of best-fit SOM parameters, kw and α. A contour diagram 

of the calculated composite c2
red as a function of kw and α (Figure S4.3) illustrates that 

only certain combinations of kw and α provide for good agreement across all 

experiments. There is almost no seed effect when α > 0.1, and therefore the overall 

agreement is poor no matter what kw is used. As a is lowered, a seed effect becomes 

evident. However, only when α is O(10-3) and kw is O(10-4) can overall good 

agreement with all experiments be obtained. Since the kw and a values were not 

determined from a specific fitting algorithm, we refer to the values that provide for 

best agreement as the “optimal” values rather than “best fit” values. These are: kw = 

2.5 x 10-4 s-1 and α = 2 x 10-3 for low-NOx experiments and kw = 2.5 x 10-4 s-1 and α = 

1 x 10-3 for high-NOx experiments. 

 

S4.3  The Statistical Oxidation Model 

The SOM simulates the oxidation of a given hydrocarbon as a trajectory through a 2-

D grid of carbon and oxygen atoms in which “species” are considered particular 
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carbon/oxygen combinations (e.g. C12O4). Specific rules define the movement through 

this space, describing the probability that a reaction leads to functionalization or 

fragmentation, how many oxygen atoms are added per reaction, and the decrease in 

vapor pressure that occurs upon addition of a single oxygen atom. SOM effectively 

simulates the multi-generational chemistry that characterizes photooxidation 

experiments. Full details are provided in Cappa et al. (2012, 2013). The fragmentation 

probability (Pfrag) depends on the oxygen content of the reacting species and is 

parameterized as: 

Pfrag=
NO
NC

mfrag
                                                                                                            (S4.3)  

where mfrag is an adjustable parameter, and NO and NC are the number of oxygen and 

carbon atoms comprising an SOM species, respectively. The Pfrag is always 

constrained to be ≤ 1. (Recently, a “bug” in the SOM code was found related to how 

the fragmentation was being treated. Rather than the probability of fragmentation 

depending on the oxygen content of the reacting species, it was being determined 

based on the oxygen content of the product species. This has now been fixed. The 

SOM was originally written in the IGOR programming language. The SOM has now 

been independently implemented in Fortan using the framework outlined in Cappa et 

al. (2013) and the IGOR and Fortan versions produce equivalent results, suggesting 

that no further “bugs” of this sort exist. The best-fit SOM parameters for the alkanes 

differ from those reported in Cappa et al. (2013) as a result of this update and because 

vapor wall-loss has been included. 
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    The functionalization probability (Pfunc) describes the likelihood of adding 1, 2, 3 or 

4 oxygen atoms per reaction, and each can be adjusted independently, subject to the 

constraint that they are positive and must sum to 1. The decrease in vapor pressure (or 

more specifically, in the log of the saturation concentration, C*, in mg m-3) per oxygen 

added is referred to as DLVP, and ranges from ~0.7 to 2.5, depending on the type of 

functional group added. Thus, there are 6 total adjustable (tunable) parameters in the 

base model: (i) fragmentation, (ii) volatility decrease per oxygen added and (iii-vi) 

oxygen addition probability. For this study, heterogeneous OH reactions are not 

simulated.  

    The reaction rate coefficient matrix associated with reactions of product species 

with OH radicals has been updated from the original SOM on the basis of comparison 

with output from the GECKO-A model for simulations of the outflow from Mexico 

City (Lee-Taylor et al., 2011). The reaction rate coefficient of the parent hydrocarbon 

with OH, kOH (cm3 molecules-1 s-1), is specified to be consistent with literature results, 

e.g. for toluene kOH = 5.2 x 10-12 cm3 molecules-1 s-1. For all other species within the 

SOM grid, the kOH are determined referenced to the reaction rate coefficient for 

species with the same number of carbon atoms but zero oxygen atoms as:  

log kOH,base =A1+A2×NC
  A3    (S4.4) 

and where A1 = -15.103, A2 =-3.9481, and A3 = -0.79796. For a given NC, the kOH is 

temperature dependent and varies with NO as 

kOH T =kOH,base×T2×exp -1×
Ea

8.314×T
× 1+

b1
σ 2π

exp -
1 ln NO+0.01 - ln b2 2

2σ2
  (S4.5) 

and where the variables b1, b2, and s are functions of NC, with  
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σ NC≤15   =  0.0214×NC+0.5238;  σ NC>15   =  -0.115×NC+2.695 ,                      (S4.6) 

b1  =  -0.2583×NC+5.8944 ,       (S4.7) 

And 

b2 NC≤15   =  0.0314×NC+0.9871 ;b2 NC>15   =  0.25×NC-2.183 .                        (S4.8) 

Within the SOM gas-particle partitioning is treated through the framework of 

absorptive partitioning theory (Pankow, 1994), in which compounds partition between 

the gas and particle phases according to their Raoult’s Law adjusted vapour pressures. 

Unlike in previous usages of the SOM, which assumed instantaneous gas-particle 

equilibrium, the SOM here treats gas-particle mass transfer dynamically. The net flux 

of molecules to/from the particle is calculated at each time step as: 

∂COA,i
∂t   =  4πDgas,iRpNpFFS Cgas,i∞ -χiCi

*                                                                       (S4.9) 

where Dgas,i is the gas-phase diffusivity, Rp is particle radius, Np is particle number 

concentration, FFS is the Fuchs-Sutugin correction for noncontinuum mass transfer, 

Cgas,i∞  is the gas-phase concentration, ci is the mass fraction and Ci* is the saturation 

concentration of species i. The entire SOA mass is considered absorbing in the 

calculation of ci. It is assumed that Dgas,i varies with molecular weight (Mw) and is 

equal to DCO2(MwCO2/Mwi), with DCO2 = 1.38 x 10-5 m2 s-1. The Fuchs-Sutugin 

correction is equal to: 

FFS  =
0.75α 1+Kn

Kn2+Kn+0.283·Kn·α+0.75α                                                                                       (S4.10) 
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where a is the mass accommodation coefficient onto particles and Kn is the Knudsen 

number, defined as:  

Kn  =  λ  /  Rp                                                                                                                     (S4.11) 

and l is the gas mean free path, which is equal to: 

λi  =  3·
Dgas,i
ci

                                                                                          (S4.12) 

with 𝑐! equal to the root mean square speed of the gas, which is equal to: 

ci  =  
8NAkT
πMwi

1
2

                                                               (S4.13) 

with NA = Avagadro’s number, k = the Boltzmann constant and T = temperature. The 

results obtained with the dynamic partitioning SOM are equivalent to those obtained 

using the instantaneous equilibrium assumption when α > 0.1 and with seed aerosols 

present. It should be noted that a as used in Eqn. S8 represents the net mass transfer 

and can include resistances both in the gas-phase and at the particles surface. Full 

accommodation of vapors into the bulk particle can be limited by diffusion within the 

particles when particles are highly viscous (Shiraiwa et al., 2013). The dynamic SOM 

utilized here uses monodisperse particles with a size equal to the number mean 

diameter and the number concentration adjusted to give the desired initial seed surface 

area (SA). Although the ideal model would use the actual seed size distribution as 

input, we have established that for particle diameters larger than ~ 50 nm the model 

results are sufficiently insensitive to the selected particle diameter for a fixed seed SA. 

As such, the results here are not limited by the simplification of using monodisperse 

particles. Nucleation is not explicitly simulated by the SOM. Therefore, dynamic 
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SOM calculations for the nucleation experiments have been carried out assuming an 

initial seed size of 5 nm and a seed concentration equal to that observed at the end of 

the experiment. Given that there is substantial uncertainty associated with this 

assumption the nucleation experiments have not been quantitatively assessed. 

S4.4  Vapor Wall-Loss 

Loss of vapors to the chamber walls is simulated as a first-order process, 

characterized by the first-order wall-loss coefficient kw (s-1). Vapor wall-losses are 

assumed to be reversible, characterized by the gas-wall partitioning coefficient, Kw, 

which is dependent upon compound vapor pressure, 

Kw=
RT

MwγwPsat
                                                                                                            (S4.14) 

where R is the ideal gas constant, T is temperature (assumed 298 K), Mw is the 

effective molecular weight of the wall material, γw is the activity coefficient, and Psat 

is the saturation concentration of the species of interest. It is convenient to use the 

saturation concentration, C* (mg m-3), instead of the saturation vapor pressure, where 

C*=
1
Kp
=
MpγpPsat
RT                                                            (S4.15) 

with Kp the gas-particle partitioning coefficient, Mp the average molecular weight of 

the organic species comprising the particles and γp is the activity coefficient. The rate 

coefficient for transfer of gas-phase species onto the walls is given as kw,on while that 

for evaporation from the walls is given as kw,off. The kw,on is specified as a model input 



 

 

 

4-35 
parameter (and is equivalent to the kw in the main text). The kw,off is obtained from 

detailed balance as: 

kw,off  =
kw,on
  KwCw

  =  kw,on
C*Mwγw
CwMpγp

                                      (S4.16) 

and where Cw is the equivalent wall OA concentration (µg m-3). If one makes the 

simple assumption that Mw = Mp and γw = γp, then Cw can be viewed as an effective 

concentration that accounts for differences in molecular weight and activity between 

the particles and walls. The Cw must therefore be estimated from experiments. 

Matsunaga and Ziemann (2010) report a range of Cw values that are constant within a 

given class of molecules (e.g. ketones vs. alkanes), with Cw = 2, 4, 10 and 24 mg m-3 

for alkanes, alkenes, alcohols and ketones. For all reported simulations here it has 

been assumed that Cw = 10 mg m-3. Results are reasonably insensitive to the choice of 

Cw over the previously determined range because Cw >> COA. The sensitivity of our 

results to the assumed Cw is discussed further below in Section 4.1.4.3. It is assumed 

that kw,on is not dependent on compound identity. Consequently, the kw,off terms vary 

with compound identity, specifically with C*. The value of kw,on can be estimated 

from consideration of just the gas-phase transport terms within a chamber. McMurry 

and Grosjean (1985) report an expression for kw,on, 

kw,on=
A
V

αwc
4

1.0+ π
2

αwc
4 keDgas

0.5

                                   (S4.17) 

where A/V is the surface to volume ratio of the chamber (equal to 6/L for a square 

chamber, and where L is the length of one side), αw is the mass accommodation 
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coefficient of vapors onto the chamber walls, 𝑐 is the mean thermal speed of the 

molecules, ke is the coefficient of eddy diffusion, and Dgas is the molecular diffusivity. 

It should be noted that aw is not necessarily equal to a for uptake onto particles. For 

the type of molecules here, Dgas is ~3 x 10-6 m2 s-1 and 𝑐 ~ 200 m s-1. This leaves ke 

and αw as the two key unknowns. Values of kw,on have been calculated as a function of 

ke for αw ranging from 10-7 to 1, where 1 is perfect accommodation. ke values from 

10-3 s-1 to 1 s-1 have been used, which corresponds to mixing timescales of 17 min to 1 

s (Figure S4.4). McMurry and Grosjean (1985) reported values for their actively 

mixed chambers of 0.02 s-1 (60 m3 chamber) and 0.12 s-1 (4 m-3 chamber). Since the 

Caltech chamber is not actively mixed it is expected that the characteristic ke value is 

considerably smaller.  

    The value of ke for the Caltech chamber is estimated based on observed size-

dependent deposition rates of particles in the chamber. The minimum in the kw for 

particles as a function of size is dependent upon ke. This minimum occurs at a 

diameter of ~350 nm for the 24 m-3 Caltech chamber and at ~250 nm for the 28 m-3 

chamber (Loza et al., 2012). For particles in a cubic chamber the kw is related to the 

eddy diffusion coefficient through the equation (Grump and Seinfeld, 1981): 

kw=
1
L
8 keD
π

+v·coth
x
2

                                         (S4.18) 

where v is the particle terminal settling velocity (m s-1) and x is defined as: 

x  =
πv

  2 keD
                                                          (S4.19) 
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From Eqn. S5, kw has been calculated as a function of particle diameter and the ke 

value adjusted until the minimum occurs at 250 nm or 350 nm. The required ke in the 

24 m3 chamber is 0.075 s-1 and in the 28 m3 chamber is 0.015 s-1, similar to the values 

reported by McMurry and Grosjean for 60 m3 (ke = 0.12 s-1) and 4 m3 (ke = 0.02 s-1) 

chambers (McMurry and Grosjean, 1985). Therefore, it is expected that the maximum 

kw ~ 6.0 x 10-4 s-1 for the 24 m3 chamber and ~ 3 x 10-4 for the 28 m3 chamber from 

consideration of Figure S4.4. Since the accommodation coefficient for the condensing 

species on the Teflon chamber walls is not known, it is not possible to definitively put 

a lower bound on the kw. However, the experimental results of Matsunaga and 

Ziemann (2010) clearly demonstrate that vapors are taken up to their chamber walls 

quite rapidly, and they estimate that αw ~ 10-5, which suggests that kw ~ 3 x 10-4 s-1 

(24 m3) or ~ 2 x 10-4 s-1 (28 m3). This theoretical estimate is in very good agreement 

with the optimal kw (= 2 x 10-4 s-1) for the 24 m3 chamber. 

    Loza et al. (2010) report observations of vapor wall-loss rates for two compounds: 

2,3-epoxy-1,4-butanediol (BEPOX) and glyoxal. BEPOX is the butadiene derivative 

of an epoxydiol of isoprene. The uptake of both compounds to the chamber walls was 

observed to depend strongly on RH and whether a “new” or “old” chamber was used, 

with the measured values ranging from ~2-7 x 10-5 s-1 (Loza et al., 2010). Such new 

vs. old dependence was not observed by Matsunaga and Ziemann (2010), who 

investigated wall-losses of alkanes, alkenes, 2-ketones and 2-alcohols. This suggests 

that the mechanism involved in the uptake of BEPOX and glyoxal was somewhat 

different than that for the hydrocarbons considered by Matsunaga and Ziemann 

(2010), or may alternatively indicate complications associated with capturing fast 
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initial decay during the fill period in the much larger Caltech chamber. Such fill and 

mixing complications likely also explain the strong differences between the wall-loss 

rate coefficients for 2-dodecanol determined by Loza et al. (2014) and Matsunaga and 

Ziemann (2010). Since the vapor uptake to the Teflon chamber walls is reversible, 

care must be taken in the interpretation of observed wall-loss rates. Only 

measurements made in the very early stages of uptake will correspond directly to the 

first-order wall-loss rate coefficient, since as the system approaches equilibrium net 

vapor uptake will slow. As such, we suggest that the estimates of kw using the α from 

Matsunaga and Ziemann (2010) may be more relevant to the current study given the 

nature of the compounds involved. 

S4.4.1  Gas-Particle Partitioning Timescales 

The timescale associated with reaching gas-particle equilibrium varies with seed SA, 

and for a distribution is approximately: 

τg-p ~ (2πNpDpDgasFFS)
-1                                                                                        (S4.20) 

where Np is the particle number concentration, Dp is the number mean diameter, Dgas 

is the gas-phase diffusivity and FFS is the correction to the mass transfer flux due to 

noncontinuum effects and imperfect accommodation given in Eqn. S8. Values for τg-p 

have been calculated for the low-NOx experiments based on the initial seed number 

concentration and mean diameter as a function of a, using Dgas = 1 x 10-5 m2 s-1 and l 

= 150 nm. The τg-p  vary approximately inversely with a. The optimal α was 

determined to be α ~ 0.002, corresponding to an optimal kw = 2 x 10-4 s-1, or a lifetime 

with respect to wall loss of tw = 1/kw = 83 min. The τg-p for the experiment with the 
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smallest seed concentration (1.4 x 103 mm2 cm-3) when a = 0.001 is 230 min, very 

similar to tw. As seed SA increases, the τg-p decrease to ~30 min for the highest seed 

SA. This difference in the relative values of τg-p vs. tw explains why the seed effect is 

seen most strongly when seed SA is less than ~ 3 x 103 mm2 cm-3, because this is the 

point at which the two timescales become highly competitive. Similarly, it helps to 

explain why larger values of a do not lead to a noticeable seed SA dependence; when a 

> 0.1 the τg-p = 2 min for the experiment with the smallest seed SA. 

S4.4.2  Dependence on VOC and OH concentrations 

Calculations were performed to determine the magnitude of the wall-loss bias (Rwall) 

as a function of the initial [toluene] and [OH] based on the best-fit of the SOM to the 

low-NOx set of experiments. Figure S7 shows the variation in the end of experiment 

SOA concentration as a function of initial toluene and OH, and corresponds to the 

results shown in Fig. 3 in the main text.  

S4.4.3  Sensitivity to Cw 

As discussed in the main text, the sensitivity of our results to the assumed Cw is has 

been established by performing fits to the observations for varying values of Cw, from 

0.01 to 10 mg m-3 for the suite of low-NOx toluene photooxidation experiments (c.f. 

Fig. 4). Here, it was assumed that kw = 2 x 10-4 s-1 and α = 2 x 10-3, consistent with the 

optimized values determined in the main text. Good fits are obtained over the entire 

range of Cw. Above Cw = 0.2 mg m-3 (= 200 mg m-3) the calculated wall-loss bias, 

Rwall, is constant. Below 0.2 mg m-3 the calculated Rwall falls off, reaching a second 

plateau at small Cw that is still above unity. The best-fit SOM parameters vary 
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systematically with Cw, apparently compensating for the varying levels of vapor wall-

loss. 

S4.5  Fitting of Historical Chamber Data 

Beyond the toluene experiments, which are the focus of the manuscript, best-fit SOM 

parameters have been determined for a suite of historical photooxidation experiments 

conducted using a variety of other precursor compounds, both under low- and high-

NOx conditions. The historical experiments were all carried out in the prior 28 m3 

Caltech chamber. Experimental conditions are given in Tables S2 and S3. Fitting of 

the SOM to the observations is performed for these experiments assuming that kw = 1 

x 10-4 s-1, α = 2 x 10-3 and Cw = 10 mg m-3. The results are relatively insensitive to Cw 

when varied over the range 2-24 mg m-3, as discussed above. The value of kw for the 

historical chamber is estimated to be slightly smaller than the optimal value 

determined for the new 24 m3 chamber based on consideration of the size-dependent 

particle wall-loss rates. Best fit SOM parameters for low-NOx and high-NOx 

conditions are given in Table S4. Wall-loss bias values were calculated in the same 

manner as for the toluene experiments. Experimental data and simulation results are 

shown in Figures S4.8, S4.9, S4.10, and S4.11. 
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Figure S4.1.  Time-dependent volume distributions (dV/dlogDp) of AS seed and 

organic aerosols after 0 - 18 h of photooxidation of toluene under (top panels) high-

NOx and (bottom panels) low-NOx conditions. Distributions are colored according to 

the time after lights were turned on. The lower bound wall-loss correction is used 

here. For the experiments at higher seed SA, the influence of coagulation on the 

particle evolution is evident.  
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Figure S4.2.  Time-dependent SOA growth curves for toluene photooxidation under 

high-NOx (HNOx) and low-NOx (LNOx) conditions. Error bars come from the 95% 

confidence interval associated with determining the size-dependent first-order wall-

loss rate for dry inert ammonium sulfate ((NH4)2SO4) particles.  
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Figure S4.3.  Calculated composite reduced chi-square values for (A) high-NOx and 

(B) low-NOx toluene experiments as a function of the mass accommodation 

coefficient, α, and the first order wall-loss rate coefficient, kw. The colors indicate the 

magnitude of the calculated composite reduced goodness of fit metric, with the 

contours based on the circles. The black x indicates the optimal value: kw = 2.5 x 10-4 

s-1 and a = 1 x 10-3 (high-NOx) and kw = 2.5 x 10-4 s-1 and α = 2 x 10-3 (low-NOx).  
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Figure S4.4.  Calculated wall-loss coefficients kw as a function of the coefficient of 

eddy diffusion, ke, which characterizes the state of turbulent diffusion in the chamber, 

for different values of the mass accommodation coefficient onto the walls, αw. The 

top axis shows the time-scales corresponding to the eddy diffusion coefficients. 
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Figure S4.5.  Calculated gas-particle equilibration time as a function of the gas-

particle mass accommodation coefficient, α, for different seed surface areas 

corresponding to the low-NOx experiments. The horizontal gray line indicates the 

timescale associated with vapour wall-loss for kw = 2.5 x 10-4 s-1. The vertical dashed 

gray lines indicate the optimal values of a determined here for the high- and low-NOx 

toluene systems. For the nucleation experiments, it is assumed that the particles are 10 

nm diameter. 
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Figure S4.6.  Calculated end-of-experiment SOA mass concentrations corresponding 

to the results shown in Figure 3. The SOA concentration is shown as a function of 

initial toluene concentration and OH concentration when kw = 2.5 x 10-4 s-1 and Cw = 

10 mg m-3. The SOA concentrations for a given [toluene] and [OH] are indicated by 

colors and contours. Results are based on the optimal fit of the SOM to the low-NOx 

experiments. 
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Figure S4.7.  The best-fit SOM parameters determined at each Cw corresponding to 

the results shown in Fig. 4 in the main text. The fragmentation probabilities, Pfrag, 

were calculated from the best-fit mfrag values and Eqn. S3 using O:C = 0.5. DLVP 

corresponds to the decrease in vapor saturation concentration per oxygen added and 

Pfunc corresponds to the probability of adding 1, 2, 3 or 4 oxygen atoms per reaction.  
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Figure S4.8.  Results from historical low (left panels) and high (right panels) NOx 

SOA formation experiments for alkane photooxidation (open circles). The solid red 

lines are best-fit SOM results when wall losses are accounted for assuming that kw = 1 

x 10-4, α = 1 and Cw = 10 mg m-3. The blue dashed lines are the simulated SOA 

concentrations when wall-loss is turned off, but the SOM parameters determined from 

the best-fit with wall-loss on are retained.  
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Figure S4.9.  Same as Fig. S8, but for aromatics. Importantly, the toluene 

experimental results are from Ng et al. (2007), not from the current set of 

experiments. For each experiment, data collected over the full experiment time is 

shown. However, the SOM fitting has been restricted to the periods shown as colors 

other than gray (orange or blue). The gray points are data that were collected, but not 

used in fitting. These data have been excluded to be consistent with the range of data 

considered in Ng et al. (2007) and Chan et al. (2009), where 2-product fits have been 

performed. For m-xylene, low-NOx, fits to data from Ng et al. (2007) and Loza et al. 

(2012) are shown separately. 
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Figure S4.10. Same as Fig. S8, but for α-pinene and isoprene photooxidation. 
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Figure S4.11. Calculated time-dependent Rwall values for historical experiments based 

on the results shown in Figure S4.10. Results are grouped according to species type 

and NOx level. Left panels are low-NOx and right panels high-NOx results. Note that 

the toluene results in the top panels are based on data presented in Ng et al. (2007), 

not from the current set of experiments. Results are shown for m-xylene, low-NOx for 

two separate experimental data sets: Ng et al. (2007) and Loza et al. (2012). The 

presented results are limited to the period where COA > 0.5 mg m-3. 
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Table S4.1. Experimental conditions for toluene SOA photooxidation experiments in 

the Caltech dual 24-m3 chambers. 

 
Exp. 
(#) 

[HC]0 
(ppb) 

[NO]0 
(ppb) 

[NO2]0 
(ppb) 

Initial 
[VOC]/[NOx] 
(ppbC/ppb) 

Additional 
NO 

injection 

Initial seed 
surface area 
(mm2 cm-3) 

Initial surface area 
ratio 

(Aerosol/Wall) 

High 
NOx 

1 ~36.8 ~ 19.0 ~ 34.4 4.8 yes ~ 0 ~ 0 
2 ~38.7 ~ 19.6 ~ 32.2 5.2 yes 1.69 × 103 8.57 × 10-4 
3 ~37.9 ~ 15.5 ~ 34.9 5.3 yes 3.51 × 103 1.88 × 10-3 
4 ~37.9 ~ 17.5 ~ 31.7 5.4 yes 6.70 × 103 3.32 × 10-3 
5 ~38.2 ~ 13.1 ~ 31.5 6.0 yes 8.51 × 103 4.83 × 10-3 
6 ~38.7 ~ 16.8 ~ 35.3 5.2 yes 1.15 × 104 5.72 × 10-3 

Low 
NOx 

1 ~33.9 < DLc < DL -- -- ~ 0 ~ 0 
2 ~37.6 < DL < DL -- -- 1.41 × 103 1.03 × 10-3 
3 ~37.3 < DL < DL -- -- 3.10 × 103 2.13 × 10-3 
4 ~36.8 < DL < DL -- -- 5.47 × 103 4.07 × 10-3 
5 ~38.7 < DL < DL -- -- 7.95 × 103 5.17 × 10-3 
6 ~37.9 < DL < DL -- -- 9.41 × 103 6.70 × 10-3 

 

a Detection limits (DL) for O3, NO, and NO2 are 0.5 ppb, 0.4 ppb, and 0.4 ppb, respectively. 
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Table S4.2. Conditions for low-NOx experiments in the Caltech dual 28-m3 chambers. 

VOC 
Date 

[mm/dd/yy] 
[VOC]0 
(ppb) 

[NOx]0 
(ppb) 

[OH] 
(molecules/cm3) 

% 
Yield  

kOH 
(cm3 molecules-1 s-1) 

n-dodecane 03/16/11 34.0 <2 2.5x106 6.1 1.34x10-11 

methylundecane 02/25/11 28.1 <2 2.4x106 7.2 1.34x10-11 

cyclododecane 02/23/11 9.8 <2 2.7x106 17.2 1.34x10-11 

hexylcyclohexane 03/21/11 15.6 <2 3.0x106 15.4 1.34x10-11 

benzene 11/04/06 414 <2 3x106 23.8 1.22x10-12 

toluenec 10/24/06 52.7 <2 3.3x106 26.7 5.63x10-12 

m-xylened 10/27/06 19.3 <2 3x106 28.2 2.31x10-11 

m-xylened 10/11/10 29.2 <2 2.5x106 21.4 2.31x10-11 

naphthalene 08/13/08 31.5 2 2x106 19.0 2.44x10-11 

a-pinene 06/02/10 66.2 <2 3x106 36.8 5.3x10-10 

isoprene 02/25/09 49 <2 2x106 4.3 1x10-10 
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Table S4.3. Conditions for high-NOx experiments in the Caltech dual 28-m3 

chambers. 

VOC 
Date 

[mm/dd/yy] 

[VOC]0 

(ppb) 

[NO]0 & 

[NO2]0 

(ppb) 

[OH] 

(molecules/cm3) 

% 

Yield  

kOH 

(cm3 molecules-1 s-1) 

n-dodecane 05/12/11 32.2 343/-- 4.5x107 6.2 1.34x10-11 

methylundecane 03/01/11 72.4 366/-- 3.3x107 5.1 1.34x10-11 

cyclododecane 05/23/11 13.8 362/-- 2.7x107 38.3 1.34x10-11 

hexylcyclohexane 03/22/11 22.1 320/-- 4.1x107 12.3 1.34x10-11 

benzene 01/15/07 336 83/86 3.2x107 15.6 1.22x10-12 

toluenec 10/14/06 138 373/568 3.6x107 8.3 5.63x10-12 

m-xylene 10/05/06 89.8 469/474 4.2x107 3.9 2.31x10-11 

naphthalene 08/14/08 48.6 404/171 2.5x107 11.2 2.44x10-11 

a-pinene 06/03/10 44.9 446/398 1.4x107 9.5 5.3x10-11 

isoprene 04/04/09 268 535/402 6.6x106 1.0 1x10-11 
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Table S4.4. Derived SOM parameters for the experiments when vapor wall-loss is 

accounted for (assuming Cw = 10 µg m-3). 

VOCa Frag. DLVP P1 P2 P3 P4 𝝌𝒓𝒆𝒅𝟐 b 

Low NOx 
toluene (this study) 5 1.83 0.123 0.001 0.002 0.875 1.74 

n-dodecane 0.671 1.58 0.977 0.016 0.003 0.004 1.47 
methylundecane 0.433 1.92 0.997 0.000 0.001 0.002 1.33 
cyclododecane 1.56 1.90 0.994 0.000 0.001 0.005 1.73 

hexylcyclohexane 0.78 1.84 0.885 0.106 0.001 0.008 0.56 
benzenec 0.01 2.29 0.284 0.000 0.644 0.072 0.42 
toluenec 0.01 1.88 0.001 0.001 0.727 0.271 1.36 

m-xylenec 0.245 1.96 0.000 0.085 0.836 0.079 0.57 
m-xylenec 0.069 1.88 0.285 0.000 0.613 0.101 0.20 

naphthalene 0.072 1.76 0.382 0.027 0.431 0.161 0.04 
a-pinene 0.151 1.91 0.262 0.619 0.075 0.044 0.19 
isoprene 0.01 2.23 0.000 0.146 0.826 0.028 1.61 

High NOx 
toluene (this study) 1.02 1.42 0.000 0.000 1.000 0.000 1.10 

n-dodecane 0.188 1.45 0.963 0.000 0.001 0.036 0.07 
methylundecane 0.188 1.12 0.263 0.277 0.455 0.005 0.61 
cyclododecane 0.01 1.69 0.664 0.002 0.004 0.33 0.64 

hexylcyclohexane 0.153 1.75 0.832 0.086 0.055 0.028 0.14 
benzenec 0.912 1.47 0.105 0.001 0.893 0.001 1.15 

m-xylenec 0.18 1.54 0.000 0.000 1.000 0.000 0.64 
toluenec 0.039 1.46 0.001 0.001 0.906 0.094 1.13 

naphthalenec 0.64 1.41 0.835 0.001 0.002 0.162 0.17 
a-pinen 0.080 1.81 0.193 0.694 0.101 0.012 0.04 
isoprene 0.322 2.23 0.679 0.321 0.000 0.000 0.79 

 

a The toluene experiments from this study were conducted in the 24 m3 Caltech chamber (i.e. “new” 
experiments) and simulated using kw = 2.5 x 10-4 s-1 and the experimentally-determined optimal a (~2 
x 10-3). All other experiments, including the toluene experiments from Loza et al. (2014) were 
conducted in the 28 m3 Caltech chamber (i.e. “historical” experiments”) and simulated using kw = 1 x 
10-4 s-1 and a = 1. 
b The reduced c2 associated with the best fit. 
c Fits were performed over the ranges shown in Fig. S8. 
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Chapter 5  

Vapor wall deposition in Teflon chambers 
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5.1 Abstract 

Teflon chambers are ubiquitous in studies of atmospheric chemistry. Secondary organic 

aerosol (SOA) formation can be underestimated owing to deposition of SOA-forming 

vapors to the chamber wall. We present here an experimental protocol and a model 

framework to constrain the vapor-wall interactions in Teflon chambers. We measured the 

wall deposition rates of 25 oxidized organic compounds generated from the 

photooxidation of isoprene, toluene, α-pinene, and dodecane in two chambers that had 

been extensively used and in two new unused chambers. We found that the extent of prior 

use of the chamber did not significantly affect the sorption behavior of the Teflon films. 

By optimizing the model output to the observed vapor decay profiles, we identified that 

the dominant parameter governing the extent of wall deposition of a compound is its wall 

accommodation coefficient (αw,i), which can be correlated through its volatility with the 

number of carbons and oxygens in the molecule. Among the 25 compounds studied, the 

maximum wall deposition rate is exhibited by the most highly oxygenated and least 

volatile compounds. The extent to which vapor wall deposition impacts measured SOA 

yields depends on the competition between uptake of organic vapors by suspended 

particles and the chamber wall. The timescale associated with vapor wall deposition can 

vary from minutes to hours depending on the value of αw,i. For volatile and intermediate 

volatility organic compounds (small αw,i), gas-particle partitioning will dominate wall 

deposition for typical particle number concentrations in chamber experiments. For 

compounds characterized by relatively large αw,i , vapor transport to particles is 
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suppressed by competition with the chamber wall even with perfect particle 

accommodation.  

5.2 Introduction 

Understanding of the mechanism and extent of secondary organic aerosol (SOA) 

formation from oxidation of volatile organic compounds (VOCs) has been derived 

largely from experiments in Teflon chambers. Chamber-measured SOA yields (mass of 

SOA formed per mass of VOC reacted) have been widely parameterized into 

regional/global atmospheric models, and chemical mechanisms leading to SOA formation 

and aging have been derived based on the gas/particle-phase identification of 

intermediate/semi/low-volatility compounds generated in controlled chamber 

experiments. An unavoidable consequence of the use of an environmental chamber is 

interaction of vapors and particles with the chamber wall. It has been recently established 

that SOA formation can be substantially underestimated due to deposition of SOA-

forming vapors to the chamber wall rather than growing particles (Zhang et al., 2014a).  

    Chamber wall-induced decay of organic vapors was reported 30 years ago. Grosjean 

(1985) and McMurry and Grosjean (1985) measured wall deposition rates of several 

volatile organic compounds in a chamber constructed from Fluorinated ethylene 

propylene (FEP) Teflon film. The lifetime of the VOCs with respect to wall deposition 

was found generally to exceed ~ 15 h. Loza et al. (2010) found that deposition of the 

isoprene oxidation product surrogate, 2,3-epoxy-1,4-butanediol (BEPOX), and glyoxal to 

the FEP Teflon chamber wall is reversible on sufficiently long timescales. On the 

contrary, rapid reversible gas-wall partitioning of n-alkanes, 1-alkenes, 2-alcohols, 2-
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ketones, monoacids, and 1,2-diols was universally observed by Matsunaga and Ziemann 

(2010) and Yeh and Ziemann (2014). Following the same experimental protocol, 

Kokkola et al. (2014) measured that the equilibrium fractions of nopinone and pinanedial 

on the wall of a 4 m3 FEP Teflon chamber are on average 0.4 and 0.8, respectively.  

    The extent to which vapors and the chamber wall interact is reflected by properties 

such as the affinity of the wall for various organic molecules, the degree of reversibility 

of the vapor-wall partitioning, and the equilibrium solubility of organic vapors in the 

wall. Organic materials generated in chamber experiments can deposit on the chamber 

wall to form a coating that can act as the primary absorbing medium, or the Teflon film 

itself could act as the absorbing medium, in a process akin to the sorption of small 

molecules by organic polymers. While measurement of vapor wall deposition rates for 

the thousands of organic molecules that are produced from the oxidation of SOA 

precursor VOCs is not presently possible, empirical expressions that represent the 

deposition rates of organic vapors as a function of general molecular properties would be 

highly useful.  

    A prime goal of characterizing vapor wall deposition in a chamber is to understand its 

impact on SOA formation and evolution. We present here an experimental protocol to 

constrain the nature of organic vapor wall deposition in Teflon chambers. We measured 

wall-induced dark decay rates of 25 intermediate/semi-volatility organic vapors, which 

span a range of volatilities and oxidation states, in both unused and previously used 

chambers constructed with FEP Teflon film. A temperature ramping program (298 − 318 

K) was implemented to study the reversibility of vapor-wall partitioning. A model 

framework is developed to describe interactions between organic vapors and the chamber 
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wall following the theories for particle wall deposition and gas-particle partitioning. We 

address the following questions in the present study: 1) What is the physicochemical 

nature of the chamber wall? 2) What are the key parameters that characterize the vapor-

wall interactions and how can these values be determined? and 3) How can one predict 

the wall deposition rate of a specific compound based on its molecular properties? 

5.3 Vapor wall deposition ⎯  theory 

Figure 1 depicts the steady-state concentration profiles of an organic compound i in the 

well-mixed core of the chamber (Cv,i), in the boundary layer adjacent to the wall (Cv,i), at 

the wall surface (C0,i), and in the chamber wall (Cw,i). Vapor molecules in the well-mixed 

core of a chamber are transported through a boundary layer adjacent to the wall by a 

combination of molecular and turbulent diffusion. The transport rate depends on both the 

molecular properties of the individual organic compound, as well as the extent of 

turbulent mixing in the chamber. As vapor molecules encounter the chamber wall, the 

fraction of those encounters that lead to uptake is represented by the accommodation 

coefficient (αw,i). The accommodation coefficient depends, in principle, on the nature of 

the wall surface as well as the compound chemical composition. Molecules deposited on 

the wall may re-evaporate at a rate that depends on their concentration in the wall. 

Overall, the net flux across the gas-wall interface is a result of the flux arriving from the 

gas phase (Jv,i) and the flux evaporating from the wall (Jw,i).  

    A conservation balance on Cv,i, the concentration of vapor i in the well-mixed core of a 

chamber that is subject only to the deposition process, is given by: 
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dCv,i
dt  = −  kw,depo,iCv,i + kw,evap,iCw,i                                                                                      (5.1) 

where kw,depo,i (s-1) is the deposition rate coefficient to the wall, kw,evap,i (s-1) is the 

evaporation rate coefficient from the wall, and Cw,i is the concentration of vapor i that has 

accumulated on the chamber wall. The dynamic behavior of Cw,i  is described by a 

corresponding balance:  

dCw,i
dt  = −  kw,evap,iCw,i + kw,depo,iCv,i                                                                                        (5.2) 

Note that Cw,i is assumed to be zero at the onset of vapor i generation, ultimately 

reaching equilibrium with Cv,i. 

5.3.1 Deposition rate coefficient (kw,depo,i) 

For a chamber that is relatively well mixed, transport to the wall occurs by molecular and 

turbulent diffusion across a thin boundary layer, of thickness δ, adjacent to the chamber 

wall. The flux due to molecular diffusion is given by − 𝒟i∇Cv,i, where Cv,i is the local 

vapor i concentration in the boundary layer and 𝒟i is its molecular diffusivity. The 

turbulent diffusion flux is expressed as − 𝒟e∇Cv,i, where 𝒟e is the eddy diffusivity. One 

can invoke the Prandtl mixing length expression near a wall, 𝒟e = Ke x2, where x is the 

distance from the wall, and Ke is the coefficient of eddy diffusion (Corner and 

Pendlebury, 1951; Crump and Seinfeld, 1981). Owing to the small value of δ, a quasi-

steady state condition exists in the boundary layer, and the concentration of vapor i 

within the boundary layer, 0 ≤ x ≤ δ, is governed by:  

d
dx (Kex

2 + 𝒟i)
dCv,i
dx  = 0                                            (5.3)  
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Introducing the dimensionless variable z by setting x = (𝒟i/Ke)1/2z, Eq (3) becomes: 

z2+1
d2Cv,i
dz2 + 2z

dCv,i
dz  = 0                                              (5.4) 

subject to the boundary conditions, 

x = 0 (z = 0) → Cv,i = C0,i 

x = δ (z = (Ke/𝒟i)1/2δ) → Cv,i = Cv,i 

where C0,i and Cv,i are concentrations of vapor i over the wall surface and in the well-

mixed core of the chamber, respectively. Note that the accommodation coefficient for 

vapors on the wall is likely less than unity, and the steady-state concentration is then 

nonzero at the chamber wall surface. The solution of Eq (4) expressed in the original 

variables is:  

Cv,i = C0,i + (Cv,i − C0,i)
tan-1 (Ke/𝒟i)

1/2x
tan-1 (Ke/𝒟i)

1/2δ
 

≈ C0,i + (Cv,i − C0,i)
tan-1 (Ke/𝒟i)

1/2x
π/2                                                                                        (5.5) 

Physically, turbulent diffusion dominates molecular diffusion at the outer edge of the 

boundary layer, so that (Ke/𝒟i)1/2δ ≫1. The vapor flux to the wall surface (Jv,i) is given 

by: 

Jv,i = 𝒟i
dCv,i
dx  

x=0
= 
αw,iviC0,i
4

                                                                                                   (5.6) 

where vi is the species mean thermal speed. Note that the right side of Eq (6) derives 

from the kinetic theory of gases. Substitution of Eq (6) into the derivative of Eq (5) gives: 

C0,i = 
Cv,i

παw,ivi/8(𝒟iKe)
1/2 +1

                                             (5.7) 
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The deposition coefficient of vapor i per unit volume is therefore: 

kw,depo,i =  
A
V

αw,ivi/4
παw,ivi/8(𝒟iKe)

1/2 +1
                                                                              (5.8) 

where A and V are the surface area and volume of the chamber, respectively. 

5.3.2 Evaporation rate coefficient (kw,evap,i) 

Without loss of generality, vapor wall deposition can be assumed to be reversible. The 

flux of molecules i that evaporate from the interface back to the gas phase (Jw,i) depends 

on the concentration of i in the wall  (Cw,i).  So we can write Jw,i as a function of Cw,i: 

Jw,i ∝   Cw,i    or  Jw,i = 𝜆Cw,i                                                                                                                (5.9) 

where λ is simply a quantity that reflects the positive correlation between Jw,i and Cw,i. If 

the gas and wall phases are at equilibrium, then  

Jv,i,  (eq) =  Jw,i,  (eq)                                                                                                                        (5.10a) 

and 

kw,depo,i×Cv,i,  eq =  kw,evap,i×Cw,i, eq                                                                                   (5.10b) 

Therefore, 

𝜆  =  (
αw,ivi/4

παw,ivi/8(DiKe)
1/2 +1

)
Cv,i,  eq
Cw,i, eq

=  
αw,ivi/4Hi

παw,ivi/8(DiKe)
1/2 +1

                                                          (5.11a) 

and 

kw,evap,i
kw,depo,i

=   
Cv,i,  eq
Cw,i, eq

=   
1
Hi
                                                                                                          (5.11b) 

where Hi is the Henry’s law constant of organic species i. Substitution of Equation (11a) 

into Equation (9) gives: 
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Jw,i = 
αw,iviCw,i/4Hi

παw,ivi/8(DiKe)
1/2 +1

                                                                                                      (5.12) 

If applying vapor-particle partitioning theory here, Eq (11b) can be rewritten as: 

kw,evap,i= 
kw,depo,i
Kw,iCw

                                                     (5.13) 

where Kw,i is vapor-wall partition coefficient (Matsunaga and Ziemann, 2010): 

Kw,i = 
RT

pL,i 0 γiMw
                                                      (5.14)  

and where pL,i
 0  is the vapor pressure of compound i as a liquid.  

    We calculate pL,i
 0  by the average of two group contribution methods, ‘SIMPOL.1’ 

developed by Pankow and Asher (2008) and ‘EVAPORATION’ developed by 

Compernolle et al. (2011). γi, the activity coefficient in the wall layer on a mole fraction 

basis, is assumed to be unity here, R is the gas constant, T is temperature, and Mw is the 

average molecular weight of the absorbing organic material on the wall, which, following 

Matsunaga and Ziemann (2010), is assumed to be 250 g mol-1. Cw (g m-3) is an assumed 

equivalent mass of absorbing organic material on the chamber wall (Matsunaga and 

Ziemann 2010). It can be regarded as characterizing the equilibrium solubility of 

individual organic molecules in FEP Teflon polymer and, possibly, in other organic 

materials deposited on the wall. When Cw → ∞, the wall presents essentially an 

absorbing medium of infinite extent, and vapor wall deposition is ultimately an 

irreversible process. Note, however, that the concept of an ‘equivalent absorbing organic 

mass’ does not necessarily imply that an actual layer of organic material exists on the 

chamber wall. Cw might well represent the accumulation of deposited organic material 
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from previous chamber experiments, or it could reflect the absorption properties of FEP 

film itself. We will return to the nature of Cw shortly.  

    Substitution of Eqs (8) and (13) into Eq (1) gives the following conservation equation 

for the change in the concentration of vapor i in the well-mixed core of the chamber 

owing to wall deposition: 

dCv,i
dt  = 

A
V

αw,ivi/4
παw,ivi/8(𝒟iKe)

1/2 +1
Cw,i
Kw,iCw

 –  Cv,i                                            (5.15) 

5.4 Vapor wall deposition ⎯  experiment 

    Experiments were conducted in the Caltech dual 24-m3 Fluorinated ethylene propylene 

(FEP) Teflon chambers that are suitable for pristine (low-NO) and polluted (high-NO) 

conditions (Zhang et al., 2013; Fahnestock et al., 2014; Loza et al., 2014). Figure 2 shows 

a schematic of the experimental protocol used to measure deposition of organic vapors to 

the chamber wall. Oxidized organic vapors were generated via photooxidation of four 

parent VOCs, isoprene, toluene, α-pinene, and dodecane, in the absence of seed aerosol. 

Once a sufficient amount of oxidized products is formed with none or limited aerosol 

formation via nucleation, irradiation is ceased, and the ensuing wall-induced dark decay 

of the array of oxidation products is monitored by chemical ionization mass spectrometry 

(CIMS). Following this period, the chambers were heated to investigate the extent to 

which vapor-wall partitioning is reversible. These experiments were carried out in two 

chambers that had been used in past SOA studies. Two control experiments were also 

conducted in two unused 24 m3 Teflon chambers using identical experimental protocols, 

see Table 1.  
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    Vapor molecules representing SOA products were generated directly via VOC 

photooxidation, as opposed to the external injection of commercially available chemical 

standards. In this manner, uncertainty in the initial vapor concentration due to filling and 

mixing is avoided. In order to generate a spectrum of oxidized compounds characterized 

by a combination of different carbon numbers and types of functional groups, isoprene, 

toluene, α-pinene, and dodecane were chosen as the parent VOCs. Prior to each 

experiment, the Teflon chambers were flushed with purified dry air for 12 h at 45 °C, 

then “conditioned” by UV irradiation for 24 h in the presence of 2 ppm H2O2, followed 

by purging with purified dry air for ~ 4 days at 25 °C. Experiments were carried out 

under conditions in which the peroxy radicals formed from the initial OH reaction with 

the parent hydrocarbon react either primarily with NO (so-called high-NO) or HO2 and 

RO2 (so-called low-NO). For low-NO conditions, hydrogen peroxide (H2O2) was used as 

the OH source by evaporating 120 µL of 50% wt aqueous solution into the chamber with 

5 L min-1 of purified air for ~ 110 min, resulting in an approximate starting H2O2 mixing 

ratio of 2.0 ppm. For high-NO conditions, nitrous acid (HONO) was used as the OH 

source by dropwise addition of 15 mL of 1 wt% NaNO2 into 30 mL of 10 wt% H2SO4 in 

a glass bulb and introduced into the chambers with 5 L min-1 of purified air for ~ 40 min. 

Ozone formation is substantially limited in the presence of a high concentration of 

HONO, and NO3 formation is negligible. A measured volume of hydrocarbon (isoprene / 

toluene / α-pinene / dodecane) was injected via a syringe into a glass bulb, which was 

connected to the Teflon chamber. Heated 5 L min-1 of purified air flowed through the 

glass bulb into the chamber for 20 min, introducing 25 - 200 ppb of hydrocarbon into the 
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chamber. After ~ 60 min mixing, photooxidation was initiated by irradiating the chamber 

with black lights with output wavelength ranging from 300 to 400 nm. Over the course of 

the irradiation period, the maximum particle mass concentration formed via nucleation 

ranged from 0.3 to 2 µg m-3, corresponding to a particle surface area to chamber wall area 

ratio of < 10-5. Under these conditions, the surface area of particles present in the 

chamber is sufficiently low that partitioning of organic vapors onto particles is negligible. 

After ~ 1 - 7 h of reaction, UV lights were turned off and the decay of oxidation products 

due to wall deposition was monitored for ~ 13 - 16 h at 25 °C. The chamber temperature 

was then ramped up to 45 °C during the remaining ~ 4 - 6 h of the experiment with other 

conditions held constant. 

    Gas-phase organic compounds were monitored using a custom-modified Varian 1200 

triple-quadrupole CIMS (Crounse et al., 2006; Paulot et al., 2009). In negative-mode 

operation, CF3O− was used as the reagent ion to cluster with analytes [R] with strong 

fluorine affinity such as hydroperoxide, producing [R·CF3O]− or m/z = [M+85]−, where 

M is the molecular weight of the analyte. For more strongly acidic species [X], the 

transfer product, [X[H]·HF] − or m/z = [M+19]−, is formed during ionization. Carboxylic 

acids tend to have contributions to both the transfer and cluster products, in which case 

the trace with higher signal-to-noise ratio is considered. Prior to each experiment, the 

purified air in the chamber was sampled, and this is subtracted off as the CIMS 

background signal. Identification of products by CIMS from the photooxidation of 

isoprene, α-pinene, and dodecane in our laboratory has been previously reported (Paulot 

et al., 2009; Eddingsaas et al., 2012; Yee et al., 2012; Zhang et al., 2014b).  
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5.5 Absorbing organic mass on the chamber wall (Cw)  

Figure 3 shows the continuous dark decay of the 25 organic vapors generated from the 

photooxidation of isoprene, toluene, α-pinene, and dodecane under high/low-NO 

conditions. In contrast to the behavior in Fig. 3, Matsunaga and Ziemann (2010) and Yeh 

and Ziemann (2014) observed rapid equilibrium established within less than an hour for 

vapor wall losses of n-alkanes, 1-alkenes, 2-alcohols, 2-ketones, monoacids, and 1,2-diols 

in both 1.7 m3 and 5.9 m3 Teflon chambers. The organic vapor generation period in the 

present study ranges from 1 h to 7 h, thus precluding the possibility of observing more 

rapid partitioning that may have occurred. In view of this, we carried out one vapor wall 

deposition experiment in the α-pinene+OH low-NO system, with the experimental 

procedures identical to those in Section 3, but with lights on for only 10 min. We also 

increased the initial mixing ratios of α-pinene and OH radical precursor H2O2 to 1 ppm 

and 4 ppm, respectively, in order to generate sufficient organic vapor CIMS signals 

during the short irradiation period. Prompt formation of two ions, m/z 269 (-) and m/z 

285 (-), was observed on the CIMS after 10 min of photochemistry. These are assigned to 

be two first-generation products, pinonic acid (C10H16O3) and pinonic peroxy acid 

(C10H16O4), respectively (See Table 2 for the proposed chemical structures). Owing to the 

short photochemical reaction timescale, the other four possible products in Table 2 were 

not found in this experiment. Figure 3 (bottom panel) shows the wall induced dark decay 

of m/z 269 (-) and m/z 285 (-) at 298 K. The best-fit first-order decay rates lie within the 

same order of magnitude as those reported in Table 2, i.e., 7.61 × 10-6 s-1 vs. 8.95 × 10-6 s-

1 for m/z 269 (-) and 1.67 × 10-6 s-1 vs. 2.98 × 10-6 s-1 for m/z 285 (-). No rapid vapor wall 



 5-14 

loss was found immediately after lights off, and the deposition rates for both ions were 

pretty consistent over the course of ~ 15 h dark decay. Note that m/z 285 (-), although 

having a higher molecular weight, decays more slowly than m/z 269 (-). We will 

demonstrate later that the wall-induced decay rate depends inversely on the vapor 

pressure, which is a function of the molecule size and functionalities. The addition of a 

carboxylic acid group, as in m/z 269 (-), leads to a greater decrease in volatility than that 

resulting from the addition of a peroxy carboxylic acid group, as in m/z 285 (-). Our 

observations for these two compounds are consistent with the observed behavior of the 

other 23 compounds. We tentatively attribute the difference with Matsunaga and 

Ziemann (2010) and Yeh and Ziemann (2014) to the mixing status of the two chambers, 

i.e., static chamber (Caltech) vs. actively mixed chamber employed in Matsunaga and 

Ziemann (2010) and Yeh and Ziemann (2014).  

    When the chamber temperature was increased from 25 °C to 45 °C, with all the other 

experimental conditions held constant, the concentrations of most compounds in the 

chamber increased to a minor degree relative to the initial peak signal, reflecting modest 

desorption of vapors from the chamber wall. As noted earlier, the chamber wall (in the 

used chambers) might actually be coated with organic materials from previous 

experiments, or the FEP Teflon film itself may act as an absorbing medium. In view of 

the uncertain nature of the wall itself, two control experiments were also conducted in the 

unused dual 24-m3 FEP Teflon chambers with identical protocols: see Table 1. Organic 

vapor deposition and evaporation rates between unused and used chambers are compared 

in Fig. 4. For all the α-pinene photooxidation products studied here, their interaction with 

the wall in the unused chambers is in general agreement with that in the used chambers, 
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except for a few oxidation products generated under high-NO conditions. The fact that 

these particular compounds exhibit slightly higher deposition rates in used chambers 

might be due to the heterogeneous chemistry on the wall catalyzed by nitric acid, a 

product from the NOx − O3 photochemical cycle. Overall, we conclude that the extent to 

which chambers have been previously used is not a significant factor in the sorption 

behavior of the FEP Teflon films.  

    The equivalent absorbing organic mass parameter (Cw / g m-3) is estimated using 

equilibrium partitioning theory. We show in the Supplementary Materials that this theory 

is suitable for Cw estimation after ~ 18 h of wall-induced vapor decay. The ratio of the 

concentration of vapor i in the wall phase (Cw,i) to that in the gas phase (Cv,i) is expressed 

as a function of the corresponding gas-wall partitioning coefficient (Kw,i) and the total 

amount of equivalent absorbing organic mass on the chamber wall (Cw). Ideally, Cw can 

be obtained if the initial total concentration ( Ctot,i ) and equilibrium gas-phase 

concentration (Cv,i) of vapor i can be measured by CIMS. However, since the fraction of 

organic compound i in the chamber wall at the onset of vapor wall deposition is 

unknown, we estimate Cw via the combination of equilibrium partitioning expressions at 

two different temperatures, e.g., 298 and 318 K: 

Cw,i@298K
Cv,i@298K

 = 
Ctot,i −  Cv,i@298K

Cv,i@298K
 = Kw,i @298KCw                                                              (5.16) 

Cw,i@318K
Cv,i@318K

 = 
Ctot,i −  Cv,i@318K

Cv,i@318K
 = Kw,i @318KCw                                                              (5.17) 

where Ctot,i is the total initial concentration of vapor i, Cv,i@298/318K  is the gas-phase 

concentration (as indicated by the normalized CIMS signal with unit ‘a.u.’) of vapor i at 
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298/318 K, and Kw,i @T is the corresponding partitioning coefficient at temperature T, see 

Eq (14). In this manner, both Ctot,i and Cw can be calculated by solving the equation set 

(16) and (17). Note that the product Kw,i @TCw is dimensionless, so that the normalized 

CIMS signal can be directly substituted into Eqs (16) and (17) as the actual gas-phase 

concentration of organic vapor i. The estimated Cw values vary by approximately five 

orders of magnitude and exhibit a strong dependence on the volatility of the organics, as 

shown in Table 2 and Fig. 5a. We will address subsequently why the Cw values span such 

a wide range.  

5.6 Vapor Sorption into FEP Teflon films 

It is instructive to consider possible mechanisms of organic vapor interactions with 

Teflon films. Dual sorption mechanisms in glassy polymers have been identified: 

ordinary dissolution and microvoid-filling (Meares, 1954; Paul, 1979; Paterson et al., 

1999; Tsujita, 2003; Kanehashi and Nagai, 2005). From the point of view of solubility 

behavior, organic polymers such as FEP Teflon may be idealized as high molecular 

weight organic liquids (Vieth, et al., 1966). The polymer rubbery state is hypothesized to 

represent a thermodynamic equilibrium liquid state within which gas solubility obeys 

Henry’s law. The glassy state, on the other hand, is considered to comprise two 

components: a hypothetical liquid state and a solid state, the latter containing a 

distribution of microvoids/holes that act to immobilize a portion of the penetrant 

molecules when the polymer is below its glass transition temperature (Tg = 339 K for 

FEP, Kim and Smith, 1990). The overall solubility of a gas molecule in a glassy polymer 
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has been expressed by (Barrer et al., 1958; Michaels, et al., 1963; Vieth et al., 1966; 

Kanehashi and Nagai, 2005): 

C = CH+ C!= kHp + 
CL  ' bp
1 + bp                                            (5.18)  

where C is the total vapor concentration in the glassy polymer, CH is the concentration 

based on Henry’s law dissolution, CL is the concentration based on Langmuir sorption, kH 

is the Henry’s law constant, p is the partial pressure in the gas phase, CL  '  is the hole 

saturation constant, and b is the hole affinity constant. If bp << 1, Eq (18) reduces to: 

C = (kH + CL  'b) p                                                    (5.19)  

The condition of bp << 1 holds in the present situation because the partial pressures of 

organic vapors generated in the chamber are < 10-7 atm, and the derived hole affinity 

constants for small organic molecules are < 1 atm-1 in glassy polymers (Vieth et al., 1966; 

Sada et al., 1988; Kanehashi and Nagai, 2005). If Eq (18) holds for the equilibrium 

sorption behavior of organic vapors by FEP films, then the dimensionless form of the 

effective Henry’s law constant (Hi) can be expressed as a function of the partitioning 

coefficient of vapor i (Kw,i) and total absorbing organic mass on the chamber wall (Cw): 

Hi = 
Cw,i
Cv,i

 = Kw,i Cw ∝  (kH + CL 'b)                                       (5.20)  

    As shown in Fig. 5b, the derived Henry’s law constants (H) for the organic oxidation 

products span approximately two orders of magnitude and depend inversely on saturation 

concentrations (Ci* / µg m-3). This behavior suggests that organic vapor solubility in FEP 

films increases with decreasing volatility, i.e., increasing carbon number and 

functionalization. This behavior provides a qualitative explanation for the wide range of 
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Cw values calculated for the 25 organic vapors studied here. Although the solubility of 

low volatility vapors in the FEP Teflon film is relatively high (large H), the total 

equivalent absorbing organic mass on the wall required for gas-wall partitioning can still 

be low (small Cw) because low volatility compounds tend to partition preferentially in the 

wall phase (large Kw,i). As illustrated in Fig. 5b, the dimensionless Henry’s law constant 

of m/z = (−) 303, a product from α-pinene low-NO photochemistry, is ~ 20 times larger 

than that of m/z = (−) 185, a product from isoprene + OH under high-NO conditions. The 

vapor pressure of m/z = (−) 303, however, is ~ six orders of magnitude lower than that of 

m/z = (−) 185. As a result, the Cw value for m/z = (−) 303 is ~ five orders of magnitude 

smaller than that for m/z = (−) 185. One infers that the equivalent absorbing organic mass 

on the chamber wall derived earlier is not constant but specific to individual organic 

compounds, i.e., a function of volatility and solubility in FEP Teflon polymer. We will 

show that Cw is not the most dominant parameter, so the assumption of a single value for 

Cw, does not invalidate the usefulness the theory.  

5.7 Accommodation coefficient on the chamber wall (αw,i)  

One key parameter that emerges from the theory of vapor wall deposition, the total 

equivalent absorbing organic mass (Cw), can be calculated based on equilibrium gas-wall 

partitioning at two different temperatures. From this information, we can estimate the 

other key parameter, the accommodation coefficient (αw,i), by optimal fitting of the 

solution of Eq (15) to CIMS measured organic vapor decay at 298 K:  

dCv,i
dt  = 

A
V

αw,ivi/4
παw,ivi/8(𝒟iKe)

1/2 +1
Ctot,i  –Cv,i
Kw,iCw

 –  Cv,i                                          (5.21) 
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Note that Eq (21) is simply Eq (15) in which Cw,i has been replaced with (Ctot,i  –Cv,i). 

Thus, Eq (21) constitutes a linear ODE system with the one unknown (estimable) 

parameter, αw,i. The Levenberg-Marquardt method implemented in MATLAB’s “System 

Identification Toolbox” was used for the nonlinear minimization at each time step of its 

solution. The best-fit αw,i value obtained was then substituted into Eq (21) to give the 

simulated temporal profile of the organic vapor i. Simulation results (SIM.1) are shown 

in Fig. 3.  

    The other limit of wall behavior is that of irreversible gas-wall partitioning (Cw → ∞). 

In this case, the accommodation coefficient αw,i is the sole governing parameter and Eq 

(15) can be simplified as: 

dCv,i
dt  = −

A
V

αw,ivi/4
παw,ivi/8(𝒟iKe)

1/2 +1
 Cv,i                            (5.22a) 

The overall deposition rate of organic vapor i (kw,i) is therefore: 

kw,i = 
A
V

αw,ivi/4
παw,ivi/8(𝒟iKe)

1/2 +1
                                        (5.22b) 

Results for irreversible gas-wall partitioning (SIM.2) are shown in Fig. 3. 

    Simulations using both reversible (SIM.1) and irreversible (SIM.2) vapor wall 

deposition expressions match the experimental data. Outputs from SIM.1 tend to level 

off, whereas those from SIM.2 exhibit a continuous decreasing trend at the end of ~ 18 h 

of vapor decay. The extent of agreement between observations and simulations depends 

on the nature of vapor wall deposition: most organic vapors in the Caltech Teflon 

chambers exhibit a continuous decay. The agreement between SIM.1 and SIM.2 indicates 

that the estimated Cw values are sufficiently large so that the wall-induced vapor 
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deposition in the Caltech chamber can be treated as an irreversible process (Cw → ∞) 

within a relatively long timescale (<18 h).  

    Overall, results from the two simulations indicate that αw,i is the more influential 

parameter than Cw in describing the wall-induced deposition of semi-volatile organic 

vapors. The significance of αw,i is twofold: first, the accommodation coefficient for the 

desorption of organic molecules from the gas-wall interface equals that for the 

adsorption/uptake process, which together influence the time needed to establish 

equilibrium; and second, diffusion in the chamber wall is not considered in the theoretical 

framework and consequently, the best-fit αw,i will reflect the mass transfer resistance in 

both the gas-wall interface and the chamber wall layer. We suggest that the vapor wall 

deposition of individual compounds can be adequately parameterized through the 

accommodation coefficient αw,i as the single dominant variable. As shown in Table 2 and 

Fig. 6, for the compounds studied here, estimated values of αw,i span approximately two 

orders of magnitude (10-8 – 10-6) and depend inversely on volatility, implying that more 

highly functionalized compounds dissolve more easily in FEP Teflon film. The 

correlation of αw,i with the average carbon oxidation state (OSC), however, is not strong 

due to the fact that vapor pressures of molecules, although highly oxidized, are not 

necessarily low. 

5.8 Characterizing chamber vapor wall deposition rate  

The wall-induced deposition of the 25 organic compounds investigated in the present 

study can be sufficiently represented by a single parameter, the wall accommodation 

coefficient (αw,i), which is observed to exhibit a strong inverse dependence on Ci* (Fig. 



 5-21 

6). It is possible to formulate an empirical expression for αw,i as a function of Ci*, a 

parameter that can be estimated by vapor pressure prediction models.  

    Linear regression was performed on log10αw,i vs. log10Ci* for the 25 organic vapors 

studied:  

log10αw,i = − 0.1919 × log10Ci
* − 6.32                                     (5.23) 

We employ a group-contribution expression for log10Ci* as a function of carbon number 

(nCi ) and oxygen number (nOi ) developed by Donahue et al. (2011): 

log10Ci
* = nC0 − nCi bC −   nOi bO − 2

nCi nOi

nCi  + nOi
bCO                                                        (5.24) 

where nC0  is the carbon number of 1 µg m-3 alkane (nC0  = 28.0483), bC is the carbon-

carbon interaction term (bC = 0.4015), bO is the oxygen-oxygen interaction term (bO = 

2.3335), and bCO is the carbon-oxygen nonideality term (bCO = -0.4709). Best-fit values 

of nC0 , bC, bO, and bCO are obtained by optimal fitting Eq (24) to the saturation 

concentrations of 110 species, including C5-C14 n-alkanes, C5-C14 carbonyls, C5-C14 di-

carbonyls, C5-C14 alcohols, C5-C14 diols, C5-C14 carboxylic acids, C5-C14 di-carboxylic 

acids, C5-C14 peroxides, C5-C14 di-peroxides, C5-C14 nitrates, and C5-C14 di-nitrates. 

Vapor pressures of these species are estimated by taking the average of predictions from 

the two group contribution methods, ‘SIMPOL.1’ and ‘EVAPORATION’.  

    Combining Eqs (22), (23), and (24), the vapor wall deposition rate of any 

intermediate/semi/non-volatility compound (kw,i / s-1) can be ultimately related to its 

carbon and oxygen numbers. This vapor wallloss rate estimation approach, although 

simplified, proves to be quite useful considering the limited knowledge of the chemical 
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structures of the thousands of ions detected by mass spectrometry during an experiment. 

The proper guess of a molecular formula would be able to constrain the wall-induced 

decay rate of each ion, and thus provide information to better understand its formation 

and removal dynamics. In this way, one can reasonably constrain the wall-induced 

organic vapor deposition rate based on only two measurable or predictable properties, 

volatility and the extent of oxygenation.  

    As shown in Fig. 7, within a certain volatility range, kw,i increases with decreasing Ci*, 

implying that highly functionalized compounds tend to deposit on the chamber wall more 

efficiently. The maximum value of vapor wall deposition rate is eventually approached 

for highly oxygenated and extremely low-volatility compounds (which, of course, are 

precisely those compounds that are most prone to form SOA). Revisiting Eq (22) reveals 

that the deposition rate of organic vapors is limited either by molecular diffusion or by 

turbulent mixing. For extremely small αw,i (large Ci*), kw,i becomes:  

kw,i =  
A
V

αw,ivi
4

                                                     (5.25) 

In this case, the organic vapor wall deposition rate is governed by the molecular identity 

of individual compounds. On the other hand, if αw,i is sufficiently large (small Ci*), kw,i is 

approximately given by: 

kw,i =  
π
2
A
V
(𝒟iKe)1/2                                                                                                          (5.26) 

In this case, the vapor wall deposition rate is ultimately controlled by the mixing state in 

the chamber. Eq (26) provides an expression for the upper limit of vapor wall deposition 
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rate in a chamber, which is a manifestation of the extent of turbulent mixing in the 

chamber.  

5.9 Impact of vapor wall deposition on SOA yields  

The extent to which vapor wall deposition impacts measured SOA yields depends on the 

competition between uptake of organic vapors by suspended particles and the chamber 

wall. The timescale ( τg/p,i ) associated with establishing equilibrium gas-particle 

partitioning is governed by three transport processes: diffusion of vapor molecules from 

the bulk gas phase to the surface of the particle, uptake of vapor molecules by the particle 

surface, and diffusion of molecules in the bulk particle phase. Depending on a given 

situation, any of these three transport processes can be the limiting step in determining 

the overall equilibrium partitioning timescale. Here we represent the diffusional transport 

processes across the gas-particle interface and in the particle phase itself by a single 

parameter, the accommodation coefficient of organic vapors on the particle (αp,i). In 

doing so, the mass transfer resistances at the gas-particle interface and in the particle 

phase are reflected by the single parameter αp,i, and the timescale to achieve gas-particle 

partitioning following a small perturbation of the condensing species in the gas phase is 

given by (Seinfeld and Pandis, 2006): 

τg/p,i =  (2πNpDp𝒟i f (Kn, αp,i))-1                                      (5.27) 

where Np is the total number concentration of suspended particles, Dp is the number mean 

particle diameter, Kn (= 2λ/Dp) is the Knudsen number, and f (Kn, αp,i) is the correction 

factor for noncontinuum diffusion and imperfect accommodation (Seinfeld and Pandis, 

2006).  
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    Fig. 8 shows the predicted τg/p,i as a function of: 1) the ratio of total particle surface 

area to chamber wall area (Ra) and 2) αp,i. The red solid line represents τg/p,i for a typical 

chamber experiment with seed surface area of ~ 1000 µm2 cm-3. In this case, equilibrium 

vapor-particle partitioning is established within a few minutes in the presence of perfect 

accommodation of organic vapors onto particles (αp,i = 1) or when a sufficiently large 

concentration of suspended particles is present (e.g., COA > 105 µg m-3 when αp,i < 10-4).  

    By analogy with the treatment of gas-particle partitioning, the time scale associated 

with vapor-wall interactions is presumably governed by gas-phase diffusion of vapor 

molecules to the wall through a boundary layer adjacent to the wall, uptake of vapor 

molecules at the wall surface, and, potentially, diffusion of molecules in the wall. Again, 

a single parameter, the accommodation coefficient on the wall (αw,i), is employed to 

represent the latter two processes. Thus, the vapor wall deposition timescale is given by: 

τg/w,i =  kw,i-1                                                       (5.28) 

The white solid line in Fig. 8 represents the predicted τg/w,i, covering a range of several 

minutes to several hours, as a function of the vapor accommodation coefficient on the 

chamber wall (αw,i). The region to the left of the white solid line is that in which τg/w,i and 

τg/p,i are competitive. For low αw,i (e.g., < 10-8), τg/w,i is comparable to τg/p,i only if the 

vapor has a low accommodation coefficient on the particles (αp,i < 10-4) or if a relatively 

small concentration of particles is present in the chamber (Ra < 10-4). For αw,i > 10-4, τg/w,i 

is estimated to be of the order of several minutes and, as a result, vapor transport to 

particles is suppressed by competition with the chamber wall, even with perfect particle 

accommodation (αp,i = 1) or high particle concentrations (Ra > 10-2). 
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    Overall, in the region (confined by the white solid and dash lines in Fig. 8) where gas-

wall partitioning is competitive with gas-particle partitioning, it is necessary to account 

for vapor wall deposition when deriving SOA yields from chamber experiments. The 

theoretical framework developed in this study suggests that the area of this region is 

ultimately controlled by the accommodation coefficient of organic vapors on particles 

(αp,i) vs. the chamber wall (αw,i).  

5.10 Conclusions 

The wall-induced decay of organic vapors is the result of coupled physical processes 

involving transport of organic vapors from the well-mixed core of a chamber to its wall 

by molecular and turbulent diffusion, uptake of organic molecules by the Teflon film, and 

re-evaporation from the wall. The wall-induced dark decay of 25 intermediate/semi-

volatility organic compounds generated from the photochemistry of four parent 

hydrocarbons was monitored in the Caltech dual 24-m3 FEP Teflon chambers. The extent 

to which organic vapors and the chamber wall interact was found to be similar in used vs. 

unused Teflon chambers. Based on this observation, one concludes that the Teflon film 

itself acts as an effective sorption medium, and organic materials deposited from past 

chamber experiments, if they indeed exist, do not significantly impact the sorption 

behavior of organic molecules. Reversibility in gas-wall partitioning was observed: 

evaporation of all 25 compounds that had deposited on the wall during an 18-h deposition 

period occurred when the chamber temperature was increased from 25 °C to 45 °C.  

    Based on a derived model that describes the dynamics of vapor deposition on the 

chamber wall, a single parameter, the accommodation coefficient (αw,i), emerges to 
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govern the extent of the vapor-wall mass transfer process. Moreover, αw,i exhibits a 

strong dependence on the molecular properties, such as vapor pressure and oxidation 

state, of the 25 organics studied. We present an empirical expression for αw,i as a function 

of the compound vapor pressure, thus affording the possibility to predict the wall 

deposition rate of intermediate/semi/non-volatility compounds in a Teflon chamber based 

on their molecular constituency.  

    Previous studies have observed the chemical transformation of δ-hydroxycarbonyls to 

substituted dihydrofurans on the chamber wall (Lim and Ziemann, 2005, 2009; Zhang et 

al., 2014b), suggesting the potential occurrence of heterogeneous reactions on the 

chamber wall surface. While the extent to which heterogeneous transformations proceed 

can be potentially represented through the accommodation coefficient, the occurrence of 

wall-induced chemistry adds another dimension of complexity in predicting vapor wall 

deposition rates.  

    Quantifying the impact of vapor wall deposition on the chamber-derived SOA yield is 

the next step in assessing the effect of vapor wall deposition of SOA formation and 

evolution. Future studies will be directed at: 1) experiments to determine the 

accommodation coefficients of organic vapors on particles for a variety of SOA systems, 

and 2) state-of-art SOA predictive models that describe the dynamics of vapor-wall and 

vapor-particle interactions to estimate the fraction of organic vapor fluxes transported to 

the suspended particles vs. the chamber wall.  
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5.12 Appendix 

A (m2): Total surface area of the chamber wall 

αp,i (dimensionless): Accommodation coefficient of organic vapor i on particles 

αw,i (dimensionless): Accommodation coefficient of organic vapor i on the chamber wall 

C0,i (g m-3): Concentration of organic vapor i over the gas-wall interface 

Ci* (g m-3): Saturation concentration of organic vapor i 

Ctot,i (g m-3): Total concentration of organic vapor i in the chamber 

Cv,i (g m-3): Concentration of organic vapor i in the well-mixed core of the chamber 

Cv,i (g m-3):  Local concentration of organic vapor i in the boundary layer adjacent to the 

wall 

Cw,i (g m-3): Concentration of organic vapor i that has accumulated on the chamber wall 

Cw (g m-3): Equivalent mass of absorbing organic material on the chamber wall 

Dp (m): Number mean particle diameter 

𝒟e (m2 s-1): Eddy diffusivity 

𝒟i (m2 s-1): Molecular diffusivity of organic vapor i 

δ (m): Thickness of the boundary layer adjacent to the wall 

Hi (dimensionless): Henry’s law constant of organic compound i 

Jv,i (g m-2 s-1): Vapor flux arriving at the gas-wall interface 
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Jw,i (g m-2 s-1): Vapor flux evaporating from the wall 

Ke (s-1): Eddy diffusion coefficient 

Kw,i (m3 g-1): Gas-wall partitioning coefficient 

kw,depo,i (s-1): Deposition rate coefficient to the wall 

kw,evap,i (s-1): Evaporation rate coefficient from the wall 

Mw (g mol-1): Average molecular weight of the absorbing organic material on the wall 

Np (m-3): Total number concentration of suspended particles 

pL,i
 0  (atm): Vapor pressure of organic compound i as a liquid 

γi (dimensionless): Activity coefficient in the wall layer on a mole fraction basis 

vi (m s-1): Mean thermal speed 

V (m3): Total volume of the chamber 
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Table 5.1. Experimental conditions for production of oxidized organic vapors.  

 

 

 

 

 

 

 

 

 Exp.# Lights 
on (h) 

Lights 
off (h) 

T program a 
(K [h−h]) 

OH 
source VOC HC0 

(ppb) 
(NO)0 
(ppb) 

(NO2)0 
(ppb) 

Maximum 
Particle conc. 

(µg m-3) 

FEP Bag 
condition 

high-
NO 

1 ~ 1 ~ 24.2 
298 [0−17.6] 

318 [19.9−25.2] 
HONO α-pinene ~ 30 242 458 ~ 0.4 used 

2 ~ 1 ~ 24.2 
298 [0−17.6] 

318 [19.9−25.2] 
HONO α-pinene ~ 30 229 371 ~ 0.3 unused 

3 ~ 1 ~ 23.8 
298 [0−17.3] 

318 [20.9−24.8] 
HONO dodecane ~ 50 275 556 ~ 2.1 used 

4 ~ 2 ~ 23 298 [0−17.3] 
318 [20.8−25] 

HONO isoprene ~ 200 243 460 ~ 0.2 used 

low-
NO 

5 ~ 1 ~ 24.2 
298 [0−17.8] 

318 [20.3−25.2] 
H2O2 α-pinene ~ 30 < DL < DL ~ 1.2 used 

6 ~ 1 ~ 24.2 
298 [0−17.8] 

318 [20.3−25.2] 
H2O2 α-pinene ~ 30 < DL < DL ~ 1.1 unused 

7 ~ 7 ~ 21.6 
298 [0−20.6] 
318 [22−28.6] 

H2O2 dodecane ~ 50 < DL < DL ~ 0.0 used 

8 ~ 5 ~ 24.7 
298 [0−21.3] 

318 [24.7−29.7] 
H2O2 toluene ~ 100 < DL < DL ~ 0.1 used 
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Table 5.2. Best-fit values of vapor-wall accommodation coefficient (αw,i) and calculated 

equivalent absorbing organic mass (Cw) on chamber walls for vapors with structure 

proposed based on the CIMS measurement.   

Observed 

m/z 

Chemical 

Formula 

Vapor pressure 

(atm @ 298K)a 

Vapor wall 

deposition rate 

kw,i (s-1) b 

αw,i c Cw (g m-3) d 

269 (-) C10H16O3 9.64×10-8 (8.95±2.55)×10-6 (9.15±2.63)×10-8 (6.59±3.43)×10-4 

285 (-) C10H16O4 1.05×10-6 (2.98±1.14)×10-6 (3.24±1.20)×10-8 (5.90±3.65)×10-3 

253 (-) C10H16O2 6.79×10-6 (4.40±0.70)×10-6 (4.31±0.68)×10-8 (4.57±2.45)×10-3 

257 (-) C9H16O3 2.65×10-6 (3.19±3.13)×10-6 (3.12±3.07)×10-8 (6.31±4.98)×10-3 

271 (-) C10H18O3 5.14×10-8 (1.09±0.06)×10-5 (1.15±0.07)×10-7 (5.56±3.86)×10-5 

303 (-) C10H18O5 1.56×10-10 (1.32±0.19)×10-5 (1.49±0.22)×10-7 (1.12±1.19)×10-6 

227 (-) C7H10O3 1.24×10-5 (1.63±0.50)×10-5 (1.52±0.15)×10-7 (1.01±0.91)×10-2 

269 (-) C10H16O3 3.48×10-9 (1.94±0.30)×10-5 (1.97±0.32)×10-7 (2.80±1.02)×10-5 

285 (-) C10H16O4 6.32×10-11 (1.51±0.15)×10-5 (1.62±0.16)×10-7 (3.83±3.11)×10-7 

300 (-) C10H17O4N 1.53×10-7 (1.19±0.13)×10-5 (1.34±0.14)×10-7 (1.79±0.06)×10-4 

314 (-) C10H15O5N 1.52×10-7 (2.31±0.21)×10-5 (2.94±0.26)×10-7 (1.14±0.10)×10-3 

316 (-) C10H17O5N 9.03×10-10 (1.85±0.14)×10-5 (2.19±0.17)×10-7 (5.36±9.85)×10-6 

215 (-) C7H14O2 1.98×10-5 (5.27±1.74)×10-6 (4.50±1.49)×10-8 (3.10±0.55)×10-2 

285(-) C12H24O2 3.58×10-7 (1.32±0.44)×10-5 (1.42±0.46)×10-7 (3.50±0.81)×10-3 

287 (-) C12H26O2 1.21×10-6 (8.25±0.67)×10-6 (8.79±0.73)×10-8 (2.81±1.92)×10-3 

301 (-) C12H24O3 1.30×10-7 (1.19±0.13)×10-5 (1.35±0.15)×10-7 (8.39±7.24)×10-4 

315 (-) C12H22O4 1.56×10-8 (2.68±0.49)×10-5 (3.17±0.61)×10-7 (1.79±2.15)×10-4 

332 (-) C12H25O4N 2.17×10-8 (1.55±0.07)×10-5 (1.86±0.09)×10-7 (3.93±0.46)×10-4 

346 (-) C12H23O5N 4.46×10-9 (2.33±0.25)×10-5 (2.91±0.33)×10-7 (1.87±0.21)×10-5 

141 (-) C7H6O2 5.30×10-6 (2.04±1.88)×10-6 (1.68±1.35)×10-8 (1.13±0.07)×10-2 

209 (-) C7H8O2 4.89×10-5 (5.78±1.93)×10-6 (4.82±1.62)×10-8 (7.03±1.42)×10-2 

241 (-) C7H8O4 4.00×10-6 (2.04±0.40)×10-5 (1.95±0.39)×10-7 (2.66±0.71)×10-2 

175 (-) C3H6O3 2.21×10-4 (9.68±1.51)×10-6 (6.90±1.08)×10-8 (3.03±1.10)×10-1 

185 (-) C5H8O2 1.73×10-4 (6.58±0.30)×10-6 (4.93±0.22)×10-8 (7.70±2.01)×10-2 

199 (-) C5H6O3 8.17×10-6 (2.46±0.81)×10-6 (1.96±0.64)×10-8 (1.23±0.31)×10-2 
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217 (-) C5H8O4 2.70×10-7 (1.40±0.11)×10-5 (1.22±0.10)×10-7 (1.15±0.60)×10-4 

232 (-) C5H9O4N 2.34×10-5 (5.24±0.24)×10-6 (4.76±0.22)×10-8 (1.78±0.42)×10-3 

234 (-) C4H7O5N 3.93×10-6 (3.23±1.30)×10-6 (2.97±0.28)×10-8 (5.16±1.36)×10-4 

311 (-) C5H10O8N2 1.15×10-9 (3.10±0.45)×10-5 (3.66±0.54)×10-7 (8.27±1.24)×10-6 
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Figure 5.1. Theoretical framework representing the vapor-wall interactions. 

Concentrations of organic vapor i in the well-mixed core, in the boundary layer, over the 

surface of chamber walls, and in the chamber walls are denoted by Cv,i, Cv,i, C0,i, and 

Cw,i, respectively. Vapor fluxes at the gas-wall interface are denoted by Jv,i and Jw,i. 
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Figure 5.2. Example of the experimental procedure to assess vapor wall deposition using 

3-nitrooxy-6-dodecanol (m/z = (–) 332): Period (1) organic oxidation product generation; 

Period (2) vapor wall deposition at 298 K in the dark; Period (3) chamber temperature 

ramp from 298 K to 318 K; and Period (4) temperature held at 318 K in the dark. 
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Figure 5.3. CIMS traces of oxidized organic vapors generated from the photooxidation of 

isoprene, toluene, α-pinene and dodecane under high/low-NO conditions over the four 

chamber periods in Figure 2. Colored circles represent CIMS measured normalized 

signals during background (blue), vapor generation (magenta), vapor wall deposition at 

298 K (green), temperature ramp (yellow), and vapor re-evaporation at 318 K (red). 

Black dashed lines and gray solid lines represent the simulated deposition rates generated 

from SIM.1 and SIM.2, respectively.  
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Figure 5.4. Comparison of vapor-wall interactions for α-pinene + OH products under 

controlled experimental conditions in used (circle) vs. unused (triangle) Teflon chambers. 

30-min averaged data are shown here for clarity. Colored bands denote successive 

experimental periods: vapor generation (magenta), vapor wall deposition at 298 K 

(green), temperature ramp (yellow), and vapor re-evaporation at 318 K (red). 
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Figure 5.5. Inferred total amount of (a) equivalent absorbing organic mass on chamber 

walls, Cw (g m-3), and (b) dimensionless Henry’s law constants, Hi, as a function of 

saturation concentration, Ci
* (µg m-3). Estimated vapor pressures of organic compounds 

studied here are obtained from the average of predictions from the two group contribution 

methods, ‘SIMPOL.1’ (Pankow and Asher, 2008) and ‘EVAPORATION’ (Compernolle 

et al., 2011). The uncertainty bars give the upper and lower limits of Cw values derived 

from Eq (14), together with (16) and (17), when either ‘EVAPORATION’ or 

‘SIMPOL.1’ is used to estimate vapor pressures.  
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Figure 5.6. Inferred accommodation coefficients of organic oxidation products on 

chamber walls (log10(αw,i)) as a function of saturation concentrations (log10(Ci
*)) and 

average carbon oxidation state (OSC). Colored filled circles represent the best-fit αw 

assuming irreversible gas-wall partitioning. The black solid line represents the linear 

regression of log10(αw,i) vs. log10(Ci
*) for all compounds. 
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Figure 5.7. Predicted vapor wall deposition rate (kw,i / s-1) of organic compounds in a 

Teflon chamber as a function of carbon number (nC) and oxygen number (nO).  
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Figure 5.8. Comparison of estimated gas-particle equilibration timescale (τg/p,i) as a 

function of the gas-particle mass accommodation coefficient (αp,i, lower x-axis) and the 

ratio of total particle surface area to the chamber wall area (Ra, colour bar), and vapor 

wall deposition timescale (τg/w,i) as a function of gas-wall mass accommodation 

coefficient (αw,i, upper x-axis). The red solid line represents the gas-particle equilibration 

time for a typical chamber experiment with seed surface area of ~ 1 × 10-3 µm2 cm-3. 

White solid and dashed lines define the region where τg/p,i ≅ τg/w,i. For example, the top 

dashed white line is a collection data points for which the equality τg/p,i = τg/w,i = 1.3 × 103 

min holds. τg/w,i is calculated by substituting αw,i = 10-7 into Eqs (22), (23), and (24). τg/p,i 

is calculated from Eq (27) by varying αp,i (10-4–10-3) and Ra (0.01–0.02).  
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Laboratory chambers are very useful to study the SOA formation and evolution 

from the photochemistry of selected parent hydrocarbons under controlled experimental 

conditions. This thesis focuses on investigating key processes, particularly gas-particle 

and gas-wall interactions, that govern SOA formation and aging during chamber 

experiments.  

    Vapor wall losses have to be accounted for in chamber experiments to fully understand 

the source, transformation, and fate of SOA-forming vapors. In Chapter 5, we measured 

the chamber wall induced decay of a spectrum of SVOCs, which are photooxidation 

products of isoprene, toluene, α-pinene, and dodecane. It has been recently found that a 

large amount of extremely low volatility organic compounds (ELVOC) is produced from 

the ozonolysis of monoterpenes and they condense irreversibly onto the particle phase, 

accounting for a significant fraction of secondary organic aerosol at the initial particle 

growth stage. These ELVOCs also have a high affinity on the chamber wall layers, with a 

measured decay rate as high as 0.011 s-1 in a continuously stirred tank reactor. 

Characterizing the behavior of ELVOCs in chambers, i.e., their interactions with 

suspended particles vs. chamber walls, is therefore crucial to understand SOA formation 

from chamber experiments. Commercially available polyols can be used to study the 

interactions of ELVOCs with the chamber walls. The difficulty of detecting selected 

polyols lies into the generation of steady vapor flows that can be fed to the reagent ions. 

Sampling configurations need to be adjusted to improve the detection limits of polyols, 

such as increasing the overall sampling flow rate and increasing the sampling temperature 

to minimize the vapor tubing wall loss. Another approach is to study the dynamics of a 
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population of particles, which could possibly infer the vapor wall loss rate. The 

primary difference between particles composed of non-volatility compounds and particles 

consisting of semi/low-volatility compounds is that the evaporation of particle-phase 

component can be assumed to be negligible for the former. By comparing the evolution 

of a population of particles composed of non-volatile components vs. low-volatile 

components, the evaporation rate and subsequent loss rate onto the chamber wall of low-

volatile components can be derived.  

    Quantifying the impact of vapor wall deposition on the chamber-derived SOA yield is 

the next step in assessing the effect of vapor wall deposition of SOA formation and 

evolution. Recent evidence suggests that SOA often exists in a semi-solid state. In such a 

case, the timescale to achieve gas-particle equilibrium increases relative to the timescales 

for gas-wall partitioning and gas-phase reaction. Retarded gas-particle partitioning 

resulting from condensed phase diffusion limitations will drive the system toward 

kinetically-limited SOA growth. The dependence of the SOA yield on seed surface area, 

as observed in Chapter 4, is important only when SOA growth is kinetically limited. 

Future studies will be directed at: 1) experiments to determine the accommodation 

coefficients of organic vapors on particles for a variety of SOA systems, and 2) state-of-

art SOA predictive models that describe the dynamics of vapor-wall and vapor-particle 

interactions to estimate the fraction of organic vapor fluxes transported to the suspended 

particles vs. the chamber wall. 
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Abstract. Laboratory chamber experiments are the main
source of data on the mechanism of oxidation and the sec-
ondary organic aerosol (SOA) forming potential of volatile
organic compounds. Traditional methods of representing the
SOA formation potential of an organic do not fully capture
the dynamic, multi-generational nature of the SOA formation
process. We apply the Statistical Oxidation Model (SOM) of
Cappa and Wilson (2012) to model the formation of SOA
from the formation of the four C12 alkanes, dodecane, 2-
methyl undecane, cyclododecane and hexylcyclohexane, un-
der both high- and low-NOx conditions, based upon data
from the Caltech chambers. In the SOM, the evolution of
reaction products is defined by the number of carbon (NC)
and oxygen (NO) atoms, and the model parameters are (1)
the number of oxygen atoms added per reaction, (2) the de-
crease in volatility upon addition of an oxygen atom and (3)
the probability that a given reaction leads to fragmentation
of the molecules. Optimal fitting of the model to chamber
data is carried out using the measured SOA mass concentra-
tion and the aerosol O:C atomic ratio. The use of the kinetic,
multi-generational SOM is shown to provide insights into the
SOA formation process and to offer promise for application
to the extensive library of existing SOA chamber experiments
that is available.

1 Introduction

Organic aerosol (OA) comprises a major fraction of the at-
mospheric sub-micron aerosol burden (Zhang et al., 2007;
Jimenez et al., 2009), and the dominant portion of OA is

formed from condensation of oxidation products of gas-
phase reactions of volatile organic compounds, termed sec-
ondary organic aerosol (SOA). The extent to which a given
parent organic compound forms SOA depends on a variety
of factors, including the carbon chain length, structure and
reactivity, as well as external factors such as temperature,
the abundance of NOx (=NO+NO2) and the identity of the
oxidant (OH, O3, NO3) (Kanakidou et al., 2005). Addition-
ally, the properties of the SOA, e.g. hygroscopicity, volatility
and atomic composition, depend on all of the above factors
(Jimenez et al., 2009).
Understanding SOA formation via photooxidation (i.e. re-

actions with OH) presents a unique challenge in that not
only is the precursor SOA species (i.e. the parent organic)
reactive towards OH, but so are the oxidation products. The
extent to which each generation of products contributes di-
rectly to SOA formation depends intimately on the details of
the atmospheric chemistry for the particular organic. Labora-
tory chamber experiments are the main source of data on the
mechanism of oxidation and the SOA forming potential of
a parent organic. Because SOA forms via gas-particle parti-
tioning, the amount of SOA depends on the mass of absorb-
ing material in the aerosol phase, in addition to the unique
chemistry. For comparison of SOA formation from different
organics, especially in atmospheric models, an SOAmodel is
required. Traditional methods of representing the SOA for-
mation potential, or yield, of an organic do not fully cap-
ture the dynamic, multi-generational nature of photooxida-
tion, as they generally treat SOA formation as a one-step
process from precursor to products. This includes both the
2-product model (Odum et al., 1996) and static volatility

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Table 1. Experimental conditions and results from photooxidation experiments.

Alkane [HC]0 [OH]a C

b
OA Yieldb Yieldc O:C O:C

(ppbv) (molecules cm�3) (µgm�3) (%) (%) max min

Low NOx

dodecane 34.0 2.5⇥ 106 21.6 10.3 6.1 0.28 0.21
2-methylundecane 28.1 2.4⇥ 106 18.1 10.8 7.2 0.28 0.20
hexylcyclohexane 15.6 2.95⇥ 106 28.9 29.6 15.4 0.32 0.22
cyclododecane 9.8 2.7⇥ 106 15.8 24.4 17.2 0.24 0.15

High NOx

dodecane 32.2 4.5⇥ 107 / 1.85 10.6 6.8 6.2 0.33 0.33
2-methylundecane 72.4 3.3⇥ 107 / 1.85 23.5 7.8 5.1 0.26 0.26
hexylcyclohexane 22.1 4.1⇥ 107/1.7 17.5 16.4 12.3 0.32 0.32
cyclododecane 13.8 2.7⇥ 107/0.92 29.5 41.5 38.3 0.27 0.27

a For high-NOx conditions, [OH] is time dependent and has the form [OH]t = [OH]
t=0exp(-kt), where t is the time elapsed (in

hours) and k is the decay constant. The [OH]
t=0 and kvalues are reported in the table.

b
COA and yield values are reported after 15 h (low-NOx

) and 3 h (high-NO
x

) of reaction, respectively.
c Yield values are reported for COA = 10 µgm�3.

basis-set (Donahue et al., 2006). Recently, methodologies
have been developed that represent photooxidation and sub-
sequent SOA formation within more dynamic frameworks
(Aumont et al., 2005; Robinson et al., 2007; Lane et al.,
2008; Barsanti et al., 2011; Valorso et al., 2011; Cappa and
Wilson, 2012; Donahue et al., 2012). Depending on the spe-
cific methodology employed, these models allow for reaction
of the first (and later) generation oxidation products, frag-
mentation and tracking of the detailed composition of the
particle and gas-phase.
Here, we apply the Statistical Oxidation Model (SOM) of

Cappa and Wilson (2012) to model the formation of SOA
from the photooxidation of a series of C12 alkanes of varying
structure, two of which are linear (dodecane and 2-methyl
undecane) and two of which have ring structures (cyclodo-
decane and hexylcyclohexane). Experiments were conducted
under both high- and low-NOx conditions to explore the im-
portant influence of NOx on the SOA formation. The best-fit
model is found to capture the time-evolution of the observed
SOA mass concentration and, to a reasonable extent, the O:C
atomic ratio under both high- and low-NOx conditions. Best-
fit SOM parameters are reported, and indicate that, per reac-
tion with OH, photooxidation leads to more rapid oxygen ad-
dition under high-NOx conditions than low-NOx conditions.
Despite the more rapid oxygen addition under high-NOx con-
ditions, the nature of the functional groups added lead to a
smaller decrease in volatility (per oxygen added) than under
low-NOx conditions. The success of fitting the SOM to these
alkane SOA formation data offers promise to apply the SOM
to the extensive library of existing chamber experiments that
is available.

2 Experimental methods

Experiments were conducted in the Caltech dual 28-m3
Teflon chambers. Details of the facility have been described
previously (Cocker et al., 2001). Prior to each experiment,
the chambers were flushed with dried, purified air for >24
h, until the particle concentration was <100 cm�3 and the
volume concentration was <0.1 µm3 m�3.
For all experiments, neutral ammonium sulfate seed

aerosol was used to provide surface area for condensation
of the semi-volatile oxidation products. Particle size distri-
butions were measured using a differential mobility anal-
yser (DMA, TSI, 3081) coupled with a condensation particle
counter (CPC, TSI, CNC-3760).
Photooxidation experiments were run under both high

and low-NOx conditions. Low-NOx (<1 ppb) experiments
were conducted using photolysis of H2O2 as the OH rad-
ical source. High-NOx experiments were conducted using
photolysis of HONO as the OH radical source. The pri-
mary NOx source is direct photolysis of HONO, although
some NO and NO2 formed as part of the HONO prepara-
tion. The gas-phase concentration of the SOA precursor was
measured throughout the experiments. Initial concentrations
are given in Table 1. Four alkanes are considered here, each
with 12 carbon atoms: dodecane (C12H26), 2-methyl unde-
cane (C12H26), hexylcyclohexane (C12H24) and cyclodode-
cane (C12H24).
Photooxidation was initiated by irradiating the chamber

with blacklights. Output from the lights is between 300 and
400 nm, with a maximum at 354 nm. Importantly, HONO
photolysis is efficient in this wavelength range, and thus the
concentration of HONO (and OH) decays towards zero over
a period of⇠3 h once the lights are turned on. H2O2 photoly-
sis is comparably much slower, which facilitates operation at

Atmos. Chem. Phys., 13, 1591–1606, 2013 www.atmos-chem-phys.net/13/1591/2013/
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a nearly constant [OH] throughout the low-NOx experiments.
To access long oxidation times (up to 32 h) in the low-NOx
experiments, the methodology set out by Loza et al. (2012)
was followed. As a result, the time series of OA mass con-
centrations (COA) under low-NOx conditions have a “gap” of
⇠6 h (typically from hours 18–24).
Chemically-resolved aerosol mass concentrations were

measured using an Aerodyne high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS, henceforth re-
ferred to as AMS). Real-time mass spectra of the parti-
cles were collected alternating between “V-mode” and “W-
mode”. The “V-mode” provides higher sensitivity while the
“W-mode” provides higher resolution. The “W-mode” data
were analysed using the software toolboxes PIKA (DeCarlo
et al., 2006) and APES (Aiken et al., 2007; Aiken et al.,
2008; Chhabra et al., 2010). Through consideration of ions
with specific molecular formulas, as determined from the
“W-mode” spectra, the elemental composition of the SOA
can be determined (in particular, the O:C and H:C atomic ra-
tios). The estimated uncertainty in the O:C is ±30% and in
the H:C is 10%.
A correction for wall loss needs to be applied to determine

the SOA mass concentration. Two limiting assumptions can
be employed to bound the interactions between particles de-
posited to the wall and vapors in the chamber. Here we use
a lower bound, in which particles deposited on the wall are
assumed to cease interaction with suspended vapors after de-
position (Loza et al., 2012). The total organic mass deposited
to the wall was calculated based on the particle number-
weighted size distribution. The wall loss rates for particles
of different sizes are obtained from separate characterization
experiments. The deposited particle number distribution is
added to the suspended particle number distribution to give
a wall-loss corrected number distribution, which is then con-
verted to a volume concentration and then mass concentra-
tion, assuming spherical particles. For the low-NOx experi-
ments reported on here, wall loss corrections at long times
require extrapolation of the COA across the “gap”, which de-
creases the certainty of the correction and, as a result, the
accuracy of the wall-loss corrected COA values after the gap.
Thus, only the pre-gap COA data are used quantitatively here.

3 Statistical Oxidation Model

The statistical oxidation model (SOM) simulates the oxida-
tion of a parent hydrocarbon and its reaction products in time,
and is described in detail in Cappa and Wilson (2012). In the
SOM, the evolution of the gas and particle phase composi-
tion is followed through a space in which all product species
are defined solely by their number of carbon (NC) and oxy-
gen (NO) atoms. Equilibrium partitioning between the gas
and particle phases is assumed to hold at each time-step of
the model (⇠1–2min) (Pankow, 1994). It is assumed that the
properties of each species (i.e. NC/NO pair) can be repre-

sented by some mean values that account for the actual dis-
tribution of functional groups within the group of molecules
that make up an SOM species. There are a few adjustable pa-
rameters within the SOM: (1) the number of oxygen atoms
added per reaction, which is represented as an array of proba-
bilities of adding 1, 2, 3 or 4 oxygen atoms, termed Pfunc, (2)
the decrease in volatility upon addition of an oxygen atom,
termed 1LVP, which is the difference in the log of the satu-
ration concentration, Csat, per oxygen added, or

1LVP= log


Csat,NO
Csat,NO+1

�
(1)

and (3) the probability that a given reaction leads to fragmen-
tation of the product molecule into two smaller molecules,
termed Pfrag. Note that positive values of 1LVP correspond
to a decrease in vapour pressure upon oxygen addition. These
parameters can be adjusted to determine a best fit of the
model to the observations. The SOM also includes heteroge-
neous reactions with OH radicals (Cappa and Wilson, 2012).
It is assumed that each heterogeneous OH reaction leads to
the addition of one oxygen atom, that the fragmentation prob-
ability is assumed equivalent to the gas-phase, and that the
reactive uptake coefficient is unity. The model additionally
requires as input the initial concentration of the parent hydro-
carbon, [HC]0, and the (potentially time-dependent) oxidant
concentration. In this study, for the low-NOx experiments the
[OH] was constant (or nearly constant) throughout, while for
the high-NOx experiments the [OH] decayed rapidly. In ei-
ther case, the model [OH] was specified so that the observed
temporal decay of [HC] was reproduced (see Table 1).
It is not yet clear what the most appropriate func-

tional form is for the fragmentation probability, Pfrag.
Therefore, two parameterizations are considered here:
Pfrag(O:C) = (O:C)mfrag and Pfrag(NO = cfragNO), where mfrag
and cfrag are adjustable parameters, and there is an upper
limit of Pfrag = 1. Smaller values of mfrag and larger values
of cfrag indicate more extensive fragmentation, respectively.
It is assumed that the generated fragments are randomly dis-
tributed in terms of where the carbon bond scission occurs.
Best-fit values for Pfunc, 1LVP and Pfrag are determined

by simultaneously fitting the time-dependent model predic-
tions to observations of wall-loss corrected organic aerosol
mass concentrations (COA) and O:C for each system (in
this case, C12 compounds reacting with OH radicals under
high- or low-NOx conditions). Alternatively, the SOM was
fit only to the COA observations. The data fitting was per-
formed using the Levenberg-Marquardt algorithm built into
the data analysis program Igor. Uncertainties in the mea-
sured COA were assumed to be the larger of 0.5 µgm�3 or
10%. Uncertainties in the O:C were +/�30%. An upper
limit of 1LVP= 2.2 was applied. The functional group that
contributes most to the decrease of vapour pressure per O
atom added is the –OH group. The EVAPORATION model
(Compernolle et al., 2011) predicts that 1LVP upon addi-
tion of –OH to primary, secondary and tertiary C is 2.23,
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1.70 and 1.16, respectively, whereas the SIMPOL.1 model
(Pankow and Asher, 2008) predicts 2.76, 2.10 and 1.49, re-
spectively. Here we take the average between the two vapour
pressure models as the upper limit to 1LVP. For low-NOx
experiments, which have a gap in the COA data from ⇠18–
24 h of reaction, the data are fit only prior to this gap. As
noted above, the reason for this is that the uncertainty in the
wall-loss correction across the gap leads to larger uncertainty
in the COA after the gap.
Variation in the H:C atomic ratio with oxidation is charac-

terized within the SOM by specifying the average number of
hydrogen atoms lost per oxygen atom added, which is equal
to the negative slope in a Van Krevelen diagram (a graph of
H:C vs. O:C) (Heald et al., 2010). Here, the H-loss-per-O-
added is specified a priori based on the observed Van Krev-
elen slope, although it should be noted that the specification
of this relationship has a negligible influence on the evolution
of either the COA or O:C.
Condensed phase reactions (besides heterogeneous OH re-

actions) are not explicitly accounted for in the SOM. Thus, to
the extent that condensed phase reactions (e.g. oligomeriza-
tion, dehydration, cyclization) alter the observed SOA prop-
erties, this will be reflected in the best-fit model parameters.

4 Results

4.1 Low-NOx conditions

The time-evolution of the observed wall-loss corrected
SOA mass concentrations (COA) and the particle-phase O:C
atomic ratios are shown in Fig. 1, along with the tuned model
results obtained using both Pfrag parameterizations and af-
ter fitting simultaneously to both COA and O:C. In general,
as oxidation proceeds, the observed COA increases until the
parent [HC] decays to around 10% of its initial value (which
occurs around 15–20 h of oxidation). After this point, the
COA starts to level off, or even decrease slightly, even though
there is still OH present in the system. The observed SOA
O:C atomic ratio at early times tends to decrease slightly un-
til the parent [HC] decays to around 30% of its initial value
(at 5–10 h of oxidation), after which time it begins to slowly
increase. Aerosol mass yields for the two ring-containing
compounds are larger than for the non-ring containing com-
pounds (Table 1), consistent with previous results from Lim
and Ziemann (2009).
The SOM, after fitting, captures the general time-

dependent behaviour of the observed COA, with the model
COA exhibiting a levelling off or slight decrease at long
times for many of the simulations (Fig. 1). The exact time-
dependence of the model COA depends somewhat on the as-
sumed fragmentation parameterization and method. In gen-
eral, the Pfrag(NO) parameterization tends to show a more
pronounced turnover in the COA at long times than the
Pfrag(O:C) parameterization. The Pfrag(NO) results appear

slightly more consistent with the observations, which is an
unexpected result given that the more physically intuitive be-
havior is that the probability of fragmentation for a given
molecule should depend on the relative oxygen abundance
(i.e. O:C) rather than the absolute oxygen abundance (i.e.
NO). However, the uncertainty in the observed COA after the
data gap limits our ability to definitively make this assess-
ment.
The SOM captures the general shape of the observed O:C

time-dependence, with the model O:C typically first decreas-
ing before increasing with time, similar to the experimental
results (Fig. 1). Despite the satisfactory shape of the model
O:C time-dependence, for all of the hydrocarbons considered
the absolute value of the model O:C is somewhat greater
than the observed O:C, although typically within the ex-
perimental uncertainty. Cyclododecane is the notable excep-
tion, with a model O:C that is substantially higher than the
observed value (although the shape of the calculated and
observed time-dependencies are quite similar). The over-
prediction is, in part, a consequence of setting an upper limit
for 1LVP= 2.2 during fitting; allowing for larger values of
1LVP can lead to better model/measurement agreement for
most compounds (although not for cyclododecane) and can
still allow for a good fit to the observed COA. The Pfrag(NO)
parameterization generally yields somewhat lower absolute
O:C values compared to Pfrag(O:C). An additional reason for
the over-prediction of the model O:C relative to the obser-
vations could be that the HR-ToF-AMS underestimates the
oxygen derived from hyderoperoxides, with these species in-
stead detected with the –OOH removed (Craven et al., 2012).
This would lead to a measured O:C that is somewhat lower
than the actual O:C, with the extent of this disparity poten-
tially dependent upon the hydroperoxide fraction of the oxy-
genated functional groups.
When the model is fit to both the COA and O:C, the best-

fit 1LVP is 2.2 for all compounds, i.e. the imposed upper-
limit (Fig. 2 and Table 2). This is not surprising given that
the model O:C is particularly sensitive to the 1LVP parame-
ter (Cappa and Wilson, 2012). When the model is fit to only
the COA data, the best-fit values remain high, with 2<1LVP
<2.2. For all compounds considered, the addition of 1 oxy-
gen atom per reaction was most probable, with some smaller
fraction of reactions requiring the addition of 2, 3 or 4 oxygen
atoms (Fig. 2 and Table 2). The model results indicate that
fragmentation is extensive, and the non-ring-containing com-
pounds have larger cfrag and smallermfrag values compared to
the ring-containing compounds, suggesting more extensive
fragmentation of the non-ring containing compounds. For
all compounds, the cfrag values (for Pfrag(NO)) were �0.33,
which indicates that any molecule already containing 3 or
more oxygen atoms will exclusively fragment upon reaction.
Note that this does not preclude formation of species with>3
oxygen atoms because some reactions add more than 1 oxy-
gen atom and because fragmentation also leads to oxygen
addition. It does, however, limit the rate and overall extent
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Fig. 1. Evolution of the SOA mass concentration, COA, (black lines, left axes) and O:C atomic ratio (gray lines, right axes) for low-NOx
(left panels) and high-NOx (right panels) for dodecane, 2-methylundecane, hexylcyclohexane and cyclododecane (top-to-bottom). The light
gray bands on the O:C indicate the estimated uncertainty range (±30%). The model results using Pfrag(NO) and Pfrag(O:C) are shown as
red and blue lines, respectively. Solid lines are model fits for COA and dashed lines for O:C. The model has been fit simultaneously to the
COA and O:C data for t <15 h (low-NOx, black lines) or t <3 h (high-NOx). For the low-NOx conditions, the orange lines correspond to
data collected after a pause in sampling (indicated by a gap in the COA time series).

to which such highly oxygenated species can form. Similar
conclusions are reached if the Pfrag(O:C) parameterization
is instead considered, although the exact details are changed
somewhat due to the different functional form of the param-
eterization.
The observed co-variation of H:C with O:C, shown as a

Van Krevelen diagram, indicates that the number of H atoms
lost per O atom added, or the negative slope on the graph,

ranges from 1.45 to 2.2 (Fig. 3); this parameter is specified
within the SOM so as to match the model to the observa-
tions. The model aerosol exhibits a continuous evolution of
the H:C and O:C throughout the reaction, consistent with the
observations, which is indicated by the wide range of values
that fall along a line with a constant slope (Fig. 3).
The distribution of molecules in NC/NO space at the

end of the dodecane +OH reaction is shown for both Pfrag
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Table 2. Statistical oxidation model best-fit parameters when fit to both COA and O:C.

Alkane 1LVP cfrag or mfrag Oxygen Addition
Probabilitiesa

Low-NOx; Pfrag = cfragNO

dodecane 2.20b 0.423 [0.57,0.12,0.00,0.31]
2-methylundecane 2.20b 0.455 [0.79,0.00,0.10,0.11]
hexylcyclohexane 2.20b 0.333 [0.80,0.05,0.12,0.03]
cyclododecane 2.20b 0.333 [0.86,0.02,0.12,0.0]

Low-NOx; Pfrag = (O:C)m frag

dodecane 2.20b 0.077 [0.79,0.17,0.03,0.0]
2-methylundecane 2.20b 0.110 [0.96,0.0,0.04,0.0]
hexylcyclohexane 2.20b 0.214 [0.75,0.17,0.08,0.0]
cyclododecane 2.20b 0.250 [0.88,0.0,0.0,0.11]

High-NOx; Pfrag=cfragNO

dodecane 1.46 0.279 [0.31,0.41,0.07,0.19]
2-methylundecane 1.68 0.397 [0.24,0.50,0.27,0.0]
hexylcyclohexane 1.54 0.233 [0.0,0.50,0.43,0.06]
cyclododecane 2.01 0.279 [0.0,0.0,0.73,0.26]

High-NOx; Pfrag = (O:C)m frag

dodecane 1.69 0.105 [0.26,0.38,0.31,0.05]
2-methylundecane 1.80 0.113 [0.30,0.57,0.13,0.0]
hexylcyclohexane 1.67 0.191 [0.18,0.23,0.59,0.0]
cyclododecane 2.06 0.251 [0.0,0.0,0.88,0.12]

a The relative probabilities of adding 1, 2, 3 or 4 oxygen atoms per reaction.
b Constrained as an upper limit.

parameterizations (Fig. 4a,b). Overall, the OA is dominated
by compounds that have NC = 12 (Fig. 4e), although there
are interestingly contributions from compounds with as few
as 2 carbons at the 0.1% level. Although the two Pfrag pa-
rameterizations give generally similar results with respect
to the temporal variation in the COA and O:C, the distribu-
tion of molecules that make up the OA differ. The Pfrag(O:C)
parameterization allows for a fragmentation probability that
asymptotically approaches 1 (at O:C = 1), and thus it is possi-
ble to produce molecules with NC = 12 and with a relatively
large number of oxygen atoms, although the contribution of
species with NO>3 to the total OA mass is small. For the
Pfrag(NO) parameterization the probability of fragmentation
linearly varies with NO and, given cfrag = 0.42 coupled with
a Pfunc array dominated by 1 oxygen per reaction, there is
similarly not substantial production of NC = 12 species with
NO>3.

4.2 High-NOx conditions

The observed variations in wall-loss corrected COA and O:C
with reaction time for high-NOx conditions for each of the
alkanes considered are shown in Fig. 1. It is important to note
that the OH concentration during these experiments was time

dependent and decayed rapidly from >107 molecules cm�3

to zero (by around 3 h). This is in contrast to the low-NOx
experiments, where the OH concentration was constant at
around 3⇥ 106 molecules cm�3. The time-dependence of the
[OH] was accounted for in the SOM fit to the observations.
The observed COA in each experiment rapidly increased be-
fore reaching a plateau by around 2–3 h. Unlike the low-NOx
experiments, this plateau behaviour results primarily from
the loss of OH radicals and the cessation of photochemi-
cal reactions and not from an evolution in the distribution
of gas-phase photooxidation products. The observed SOA
O:C were essentially constant with time. Aerosol mass yields
were larger for the ring-containing compounds (Table 1).
The SOM reproduces the observed time-dependent be-

haviour of the COA and O:C, both in terms of shape and ab-
solute magnitude. Note that the close match between the ob-
served and predicted O:C is different than for the low-NOx
conditions, where O:C was over-predicted. Fitting to either
COA and O:C simultaneously or only to COA gave gener-
ally similar results. The best-fit 1LVP values ranged from
1.46 to 2.06 (Fig. 2 and Table 2) and are overall substantially
lower compared to the low-NOx systems, with the excep-
tion of cyclododecane. Under high-NOx conditions the op-
timal fit of the SOM indicates that the majority of reactions
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Fig. 2. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under low-NOx (hashed) and high-
NOx (solid) conditions for different parameterizations for fragmentation: (A–C) used Pfrag(NO) while (D–F) used Pfrag(O:C). Results
are shown for 1LVP (A and D), the fragmentation parameter (B and E) and the oxygen addition array (C and F). The model was fit
simultaneously to the observed COA and O:C. The two fragmentation parameterizations give generally similar results. Note that for the
fragmentation parameter, larger values of cfrag correspond to greater fragmentation while smaller values of mfrag correspond to greater
fragmentation. The grey line in (A) and (D) indicates the upper-limit constraint on 1LVP.

added 2 to 4 oxygen atoms per reaction, with the exact prob-
ability distribution varying for each alkane considered and
some probability of adding 1 oxygen per reaction (with the
exception of cyclododecane). This is in distinct contrast to
the low-NOx systems, where predominately only 1 oxygen
is predicted to be added per reaction. The Pfunc distributions
are generally similar between the two fragmentation param-
eterizations. In general, the non-ring-containing compounds
require larger cfrag (or smallermfrag) than the ring-containing
compounds, indicating more extensive fragmentation. Addi-
tionally, the best-fit cfrag values are generally larger (and the
mfrag smaller) under high-NOx conditions than under low-
NOx conditions for a given compound, although the extent
to which the values differ depends on the specific alkane and
whether cfrag or mfrag is considered; in some cases the differ-
ences are slight (Fig. 2 and Table 2).

The observed co-variation of H:C with O:C indicates that
the number of H atoms lost per O atom added ranges from
1.25 to 1.83, which is slightly less than for low-NOx con-
ditions (Fig. 3). The SOM captures the observed behaviour
(after specifying the H-per-O relationship), namely that the
H:C and O:C are both nearly constant throughout the reac-
tion, unlike the low-NOx systems (Fig. 3).
The distribution of molecules in NC/NO space at the end

of the reaction is shown for dodecane (Fig. 4c,d). As in the
low-NOx systems, the overall SOA composition is domi-
nated by compounds with NC = 12 (Fig. 4e), although the
fractional contribution of compounds with NC <12 is less
than in the low-NOx experiments. This is likely the result of
a greater number of oxygen atoms being added per reaction
for the high- vs. low-NOx case. This predicts that compounds
withNC = 12 more rapidly add oxygen, leading to a volatility
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Fig. 3. Van Krevelen diagrams (H:C vs. O:C) for the observed SOA (gray points) and the model SOA using the Pfrag(NO) (red lines) and
Pfrag(O:C) (blue lines) fragmentation parameterizations. The top row shows results for low-NOx conditions and the bottom row for high-NOx
conditions. The Van Krevelen slopes (defined according to the parent hydrocarbon y-intercept) are given in each panel.

sufficiently low that condensation is efficient even though the
1LVP tends to be smaller for the high-NOx mechanisms.

5 Discussion

The observations indicate that aerosol mass yields, defined
as COA/1HC (where 1HC is the amount of precursor re-
acted), are larger for the ring-containing compounds than for
the non-ring-containing compounds for both high- and low-
NOx conditions (Table 1). For equivalent amounts of aerosol
formed (specifically, 10 µgm�3), the mass yields for each
species under high- and low-NOx conditions are reasonably
similar, with the exception of cyclododecane, for which the
high-NOx yield is greater (Table 1). Low-NOx conditions
typically have greater H-loss per O-added (i.e. more nega-
tive Van Krevelen slopes) than high-NOx conditions and also
exhibit a more continuous evolution through the Van Krev-
elen space as the reactions proceed. Considering the model
results, the SOM indicates that the decrease in volatility per
oxygen added is substantially larger for low-NOx vs. high-
NOx conditions. The magnitude of the fragmentation param-
eter, cfrag, is generally larger (and mfrag smaller) for low- vs.
high-NOx. Under high-NOx conditions a greater number and
broader distribution of oxygen atoms are added, on average,
per reaction. Low-NOx conditions lead to a slightly broader
distribution of compounds withNC <12 in the particle phase
compared to high-NOx conditions.
To facilitate further comparison between the low-NOx and

high-NOx experiments, which were conducted using dif-
ferent [OH] temporal profiles and different [HC]0, time-
dependent SOA growth simulations were run under the same
reaction conditions using the best-fit parameters determined

above (Fig. 5). Specific reaction conditions and model inputs
were: [OH] = 2.5⇥ 106 molecules cm�3, [HC]0 = 33.5 ppb,
the Pfrag(NO) parameterization was used and the model was
run for 32 h of oxidation. For all except 2-methylundecane,
the COA formed after a given reaction time is initially some-
what greater for the high-NOx conditions, but with an even-
tual cross-over to where the COA becomes larger for the low-
NOx conditions, often substantially so, at long times. For 2-
methylundecane the yield under low-NOx conditions is al-
ways greater than under high-NOx conditions, with the dif-
ference growing with time.
For high-NOx conditions there tends to be a more pro-

nounced turnover in the COA with time and with the turnover
occurring at shorter times compared to low-NOx conditions.
The overall time-dependent evolution of the gas + particle
system reflects the combined influence of all of the param-
eters (Pfrag and Pfunc and 1LVP). Thus, the observed NOx-
dependence on the time-dependent aerosol yields can be un-
derstood through the influence of NOx on both the probabil-
ities of fragmentation vs. functionalization reactions and on
the nature of the functional groups formed, specifically the
decrease in volatility that occurs upon functional group addi-
tion.
There are no clear, systematic differences in the evolu-

tion of the O:C with oxidation between the low- and high-
NOx cases, although O:C tends to be slightly higher for
high-NOx. In general, for low-NOx the O:C first decreases
then increases, consistent with the experiments (which were
conducted under similar conditions as these simulations).
For high-NOx, both 2-methylundecane and hexylcyclohex-
ane exhibit a noticeable increase in the O:C with oxida-
tion, similar to the low-NOx cases, whereas dodecane and
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Fig. 4. Distribution of molecules comprising the model dodecane
SOA at the end of the experiment for low-NOx (A, B) and high-
NOx (C, D) for the Pfrag(NO) (A, C) and Pfrag(O:C) (B, D) pa-
rameterizations. The colors correspond to the log of the fractional
molecular abundance, i.e. log([X]

j

/6[X]
j

), with a lower-limit of
�4 (= 0.01%). (E) The distributions, binned by NC, for low-NOx
(red) and high-NOx (blue).

cyclododecane exhibit comparably small variations in O:C
with oxidation.

5.1 Time-evolution of individual SOA species

The SOM can be used to follow the time-evolution of the in-
dividual species (i.e. NC/NO pairs) that comprise the model
SOA. Tracking of each SOM species can help to understand
which species contribute most to the SOA mass at any given
time during the experiment, and thus how the composition
is evolving. An example of such a time-trace is shown for
the low-NOx dodecane system using the Pfrag(NO) param-
eterization, where the individual species have been normal-
ized to their maximum concentration (Fig. 6). It can be seen
that there is some clustering of different species with respect
to their specific time-evolution, and species that exhibit sim-
ilar time-dependent behaviour have been colored similarly.
The NC = 12 species with 1 and 2 oxygen atoms have unique
time-profiles while the NC = 8 to 11 species with 1 or 2 oxy-

Fig. 5. Simulated time-evolution of COA and O:C for each
of the parent alkanes using the same reaction conditions but
with compound-specific best-fit SOM parameters. Results are
shown for low-NOx (solid) and high-NOx (dashed), assuming
[OH] = 2.5⇥ 106 molecules cm�3 and [HC]0 = 33.5 ppb.

gens cluster together into one predominant mode. Similarly,
there is a clustering of species with NC = 6–7 and NO = 2–3,
and of species with NC = 8–12 with NO = 3. Finally, species
with NO �4 cluster together nearly independent of NC. This
type of clustering behaviour is consistent with the identifica-
tion of unique “factors” associated with the formation and
ageing of low-NOx dodecane SOA (Craven et al., 2012).
In general, the concentrations of individual particle-phase
species with greater numbers of oxygen atoms and smaller
carbon atom numbers peak later in time, consistent with their
formation occurring only after many generations of oxida-
tion. (Note that the assumption of random fragmentation and
the use of a single SOM “grid” preclude direct, quantitative
connections between NC, NO and generation number to be
made.) The clustering of particular species in terms of their
particle-phase concentrations is related to the combined in-
fluence of gas-phase formation rates and the volatility of each
species.
It is also important to consider the actual time-dependent

contributions from each species to the total SOA mass, as
the above discussion (which uses normalized traces) might
place undue focus on species that contribute negligibly to
the SOA mass. Figure 7a shows the actual time-evolution of
the particle phase mass concentration for each SOM species,
and Fig. 7b–d show snapshots of the concentrations of each
species after 5 h, 15 h and 25 h of reaction, normalized to
the total particle mass at that time. It is evident that at
early times the SOA is dominated by the NC = 12, NO = 2
species and the cluster of NC = 8–12, NO = 3 species. As the

www.atmos-chem-phys.net/13/1591/2013/ Atmos. Chem. Phys., 13, 1591–1606, 2013



1600 C. D. Cappa et al.: Application of the SOM to SOA formation from photooxidation of C12 alkanes

Fig. 6. Simulated time-evolution of each SOM species (i.e. NC/NO
pair) during the low-NOx photooxidation of dodecane. Species
that exhibit a similar temporal dependence have been grouped into
“clusters” and are shown in individual panels with the same color;
the NC and NO of the species that belong to each “cluster” for each
panel are indicated as labels. Each species profile has been normal-
ized to its maximum concentration. For reference, the dashed black
trace in each panel shows the time-evolution of the normalized total
SOA mass. The bottom panel shows all traces together so that the
time-evolution of the various clusters can be compared.

Fig. 7. (A) Simulated mass concentrations of each SOM species,
with each species stacked on the previous. The colors correspond to
those in Fig. 6 and indicate species of a particular “cluster”. (B), (C)
and (D) show snapshots at 5, 15 and 25 hours of reaction, respec-
tively, of the normalized mass concentration of all SOM species on
an oxygen/carbon grid, with concentration indicated by the color of
each cell in the grid (see legend). For each snapshot, the mass con-
centration of each species is normalized by the total SOA mass con-
centration as in Fig. 4; species with a normalized abundance<10�4
are shown as gray and species with O:C >2 are shown as white.
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reaction progresses, the cluster of NO = 4 species begins to
contribute significantly while the abundance of the NC = 12,
NO = 2 species decreases as it is converted into more oxi-
dized species. This illustrates the dynamic nature of the SOA
composition as it forms and ages.

5.2 Relationship of 1LVP and oxygen addition

In principle, the addition of different functional groups corre-
sponds to different values for 1LVP in the SOM. For exam-
ple, the SIMPOL model of Pankow and Asher (2008) sug-
gests the following: 1LVP(alcohol) ⇠2.23; 1LVP(ketone)
⇠0.94; 1LVP(aldehyde) ⇠1.35; 1LVP(nitrate) ⇠0.74;
1LVP(hydroperoxide) ⇠ 1.24. (Recall that 1LVP is defined
on a per-oxygen basis.)
Under low-NOx reaction conditions, likely products from

gas-phase pathways are hydroperoxides, carbonyl hydroper-
oxides, hydroxyl hydroperoxides, carboxylic acids, hydrox-
ylcarboxylic acids, hydroxyperacids and hydroxyl carbonyls
(Yee et al., 2012). For the low-NOx systems the best-fit SOM
1LVP values are all >2, which would suggest the addition
of predominately hydroxyl (–OH) functional groups. How-
ever, addition only of alcohols seems unlikely, both from a
mechanistic perspective (Yee et al., 2012) and from consid-
eration of the observed H-loss per O-added (or Van Kreve-
len slope). Strict alcohol addition would correspond to a Van
Krevelen slope of 0, which can be compared with the ad-
dition of a ketone or aldehyde (slope =�2) or hydroperox-
ide (slope = 0). The observed low-NOx Van Krevelen slopes
ranged from�1.45 to�2.2. Such values are more suggestive
of substantial ketone or aldehyde addition, as opposed to ad-
dition of alcohols, ketones and hydroperoxides as suggested
by Yee et al. (2012). Thus, there appears to be some incon-
sistency between the model 1LVP values, the observed Van
Krevelen slopes and the expected products.
One potential reconciliation between these differing indi-

cations of functional group addition is the presence of con-
densed phase reactions. The above functional group/1LVP
relationships do not account for condensed phase reactions
that can alter the nature of the functional groups comprising
the SOA (and thus the H:C and O:C relationship) and the ap-
parent volatility of the condensed-phase compounds. Impor-
tantly, certain condensed phase reactions involve a change in
the Van Krevelen slope while others preserve the slope. De-
hydration reactions involve loss of water molecules and lead
to a change in the observed H:C vs. O:C slope, moving it to-
wards steeper values. For example, ester formation, typically
from the reaction of a carboxylic acid and alcohol, involves
loss of a water molecule:

R(O)OH + R0OH$ R(O)OR0 + H2O (R1)

Assuming that this water does not influence the SOA O:C
measurement, esterification leads to an overall Van Kreve-
len slope of �2 relative to the unreacted hydrocarbon and,
by forming a longer-chain species (i.e. an oligomer), a de-

crease in vapour pressure despite the loss of functional group
(the magnitude of this vapour pressure decrease will depend
on the carbon chain length of the molecules involved). Cy-
clization reactions of hydroxycarbonyl species to form cyclic
hemiacetals followed by dehydration to form a dihydrofu-
ran also involve loss of water molecules, again leading to
a shift in the Van Krevelen slope towards steeper values.
However, such reactions do not lead to oligomerization, and
thus the volatility of the dihydrofuran product may be sub-
stantially higher than the cyclic hemiacetal. The increased
vapour pressure could lead to evaporation of the dihydrofu-
ran, which could undergo further gas-phase processing and,
potentially, re-condensation as a more oxidized species. Ul-
timately, if the dihydrofuran does not remain or end up back
in the particle, the Van Krevelen slope of the SOA will be
unaffected. It is worth noting that such dehydration reactions
will lead to a decrease in the observed SOA O:C, and could
provide an explanation for the model over-estimate. Alto-
gether, consideration of the observations and the model re-
sults suggest that condensed-phase reactions occur that al-
ter not only the apparent volatility of the SOA species, but
also their atomic composition. However, it is possible that
a bias against detection of hydroperoxides could also have
influenced the observed Van Krevelen slope. Addition of hy-
droperoxides should yield a slope of 0. Thus, if hydroperox-
ides are primarily detected following loss of –OOH, the ob-
served slope would be shifted towards more negative values.
To the extent that this occurs, the need to invoke condensed
phase reactions to explain the differing indications of func-
tional group addition would be lessened.
Under high-NOx conditions, the model 1LVP values

ranged from 1.46 to 2.06 (or 1.46 to 1.80 if cyclodode-
cane is excluded). Interestingly, these values are signifi-
cantly larger than that associated with organonitrate addi-
tion (1LVP= 0.74) even though the best-fit Pfunc array in-
dicates a substantial fraction of reactions add up to 3 or
4 oxygen atoms per reaction, which is consistent with ni-
trate addition. The mean H-loss-per-O added ranged from
1.25 to 1.83, also significantly larger than expected if ni-
trate functional group addition dominates (�0.33). Again,
these results suggest that condensed phase reactions are al-
tering the observed SOA properties, and thus the interpreta-
tion of the SOM best-fit parameters. As with the low-NOx
case, condensed phase reactions that make the Van Krevelen
slope more negative (steeper) are suggested to reconcile the
observations, expected mechanism and SOM results. In the
condensed phase, organonitrates can undergo hydration re-
actions followed by acid-catalyzed nitrate loss to form alco-
hols. However, such reactions are unlikely under the very low
RH conditions of these experiments, and furthermore would
move the slope in the wrong direction (i.e. towards zero). Es-
terification (dehydration) reactions may also be occurring in
the high-NOx particles, moving the slope towards more neg-
ative values and, likely, decreasing the apparent volatility of
the condensed species. Taken together, the low and high-NOx

www.atmos-chem-phys.net/13/1591/2013/ Atmos. Chem. Phys., 13, 1591–1606, 2013



1602 C. D. Cappa et al.: Application of the SOM to SOA formation from photooxidation of C12 alkanes

Fig. 8. Same as Fig. 1, but where the high-NOx and low-NOxcfrag and mfrag parameters have been constrained; see text for details.

results illustrate the broader point that interpretation of Van
Krevelen diagrams in terms of how the SOA composition
relates to the associated gas-phase composition is not nec-
essarily straightforward since the measurements may likely
be affected by condensed phase reactions. This conclusion
is consistent with the findings of Craven et al. (2012), who
determined that movement between the different identified
SOA “factors” occurs along multiple Van Krevelen slopes.

When interpreting the best-fit SOM parameters in terms of
chemical mechanisms, as above, it is important to consider
the robustness of the fit parameters. This is examined here
by re-fitting the SOM to observations of COA only (as op-
posed to COA and O:C), but where the Pfrag parameters (i.e.
cfrag andmfrag) for the high-NOx reactions are constrained to
be equal to the best-fit values from the low-NOx reactions,
and vice versa. The extent to which the constrained cfrag and
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Fig. 9. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under high-NOx conditions for both
the overall best-fit (solid bars, as in Fig. 2) and the best-fit when the cfrag and mfrag parameters are constrained to be equal to the low-NOx
overall best-fit values (hashed bars). Results are shown for both the Pfrag(NO) (A–C) and Pfrag(O:C) (D–F) parameterizations and include
(A and D) 1LVP, (B and E) the fragmentation parameter, and (C and F) the oxygen addition array. The constrained model was fit only to
the observed COA. The grey line in (A) and (D) indicates the upper-limit constraint on 1LVP.

mfrag values differ from the best-fit values differs for each
alkane, although in general the constrained high-NOxcfrag is
larger (and mfrag smaller) compared to the overall best-fit,
while for low-NOx reactions the opposite is true (Table 2). In
most cases, it is still possible to fit the SOM to the observed
COA growth, although there are a few exceptions where the
COA is under-predicted after fitting (Fig. 8). In general, the
extent to which the best-fit 1LVP and Pfunc array differ be-
tween the constrained and overall fit depends on how differ-
ent the cfrag andmfrag parameters are. For the high-NOx reac-
tions, many of the resulting1LVP values for the constrained
fits are increased to offset the greater fragmentation, while,
importantly, the oxygen distributions are reasonably similar
between the constrained and overall best-fit (Fig. 9). The pre-
dicted O:C for the constrained fit does not match the observa-
tions quite as well as the overall best-fit (although remaining
within the ±30% uncertainty for all cases; Fig. 8). For the

low-NOx reactions, some of the resulting 1LVP values for
the constrained fits are decreased, although for many cases
the differences are small, while the oxygen distributions are
generally unchanged (Fig. 10). This comparison illustrates
that the 1LVP and Pfrag parameters can have compensating
effects, which indicates that care must be taken in their inter-
pretation. Nonetheless, the results from the constrained and
overall best-fits are sufficiently similar that the general con-
clusions reached above are unchanged.

6 Summary and conclusions

For a comprehensive series of SOA formation experiments
from photooxidation of four NC = 12 alkanes, two straight
chain and two ring-containing, observations indicate that the
SOA yield is larger for these compounds under low- vs. high-
NOx conditions, with the exception of cyclododecane. The
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Fig. 10. Best-fit SOM parameters for dodecane, 2-methylundecane, hexylcyclohexane, and cyclodecane under low-NOx conditions for both
the overall best-fit (solid bars, as in Fig. 2) and the best-fit when the cfrag and mfrag parameters are constrained to be equal to the high-NOx
overall best-fit values (hashed bars). Results are shown for both the Pfrag(NO) (A–C) and Pfrag(O:C) (D–F) parameterizations and include
(A and D) 1LVP, (B and E) the fragmentation parameter, and (C and F) the oxygen addition array. The constrained model was fit only to
the observed COA. The grey line in (A) and (D) indicates the upper-limit constraint on 1LVP.

O:C atomic ratio is generally similar between high- and low-
NOx, although the low-NOx experiments exhibit a continu-
ous increase in O:C as oxidation proceeds. This difference
results primarily from the differing oxidation conditions: the
[OH] during low-NOx experiments was approximately con-
stant around 2⇥ 106 molecules cm�3, whereas the [OH] dur-
ing high-NOx experiments started higher but rapidly decayed
due to efficient photolysis of the OH precursor (HONO).
The observed COA temporal growth curves have been fit

to the statistical oxidation model (Cappa and Wilson, 2012)
to derive values for the mean decrease in volatility per oxy-
gen added (1LVP), the probability of fragmentation and the
distribution of oxygens added per reaction. In general, there
is excellent model/measurement agreement in terms of the
time-evolution of the COA. This work demonstrates that the
use of a kinetic, multi-generation model to represent SOA
formation during photooxidation can provide insights into

the SOA formation process and facilitate the interpretation
of smog chamber observations.
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Abstract. The reactive partitioning of cis and trans �-IEPOX
was investigated on hydrated inorganic seed particles, with-
out the addition of acids. No organic aerosol (OA) forma-
tion was observed on dry ammonium sulfate (AS); however,
prompt and efficient OA growth was observed for the cis and
trans �-IEPOX on AS seeds at liquid water contents of 40–
75% of the total particle mass. OA formation from IEPOX
is a kinetically limited process, thus the OA growth contin-
ues if there is a reservoir of gas-phase IEPOX. There ap-
pears to be no differences, within error, in the OA growth or
composition attributable to the cis / trans isomeric structures.
Reactive uptake of IEPOX onto hydrated AS seeds with
added base (NaOH) also produced high OA loadings, sug-
gesting the pH dependence for OA formation from IEPOX
is weak for AS particles. No OA formation, after particle
drying, was observed on seed particles where Na+ was sub-
stituted for NH+

4 . The Henry’s Law partitioning of IEPOX
was measured on NaCl particles (ionic strength ⇠9M) to
be 3⇥ 107 M atm�1 (�50 / +100%). A small quantity of OA
was produced when NH+

4 was present in the particles, but the
chloride (Cl�) anion was substituted for sulfate (SO2�4 ), pos-
sibly suggesting differences in nucleophilic strength of the
anions. Online time-of-flight aerosol mass spectrometry and
offline filter analysis provide evidence of oxygenated hydro-
carbons, organosulfates, and amines in the particle organic
composition. The results are consistent with weak correla-
tions between IEPOX-derived OA and particle acidity or liq-
uid water observed in field studies, as the chemical system
is nucleophile-limited and not limited in water or catalyst
activity.

1 Introduction

A significant portion of the organic aerosol (OA) produc-
tion from isoprene, a non-methane hydrocarbon emitted to
the atmosphere in vast amounts, is attributed to the heteroge-
neous chemistry of isoprene epoxydiols (IEPOX) (Froyd et
al., 2010; Chan et al., 2010; McNeill et al., 2012; Surratt et
al., 2010; Hatch et al., 2011; Budisulistiorini et al., 2013; Pye
et al., 2013). IEPOX, of which there are four isomeric forms
(Scheme 1), is a second-generation low nitric oxide (NO) iso-
prene photooxidation product formed from the OH-oxidation
of particular isomers of isoprene hydroxy hydroperoxides
(Paulot et al., 2009b). The mechanism for OA production
from IEPOX has been proposed as ring-opening of the epox-
ide group, activated by proton transfer from a strong acid
such as sulfuric acid (H2SO4), followed by nucleophilic
addition of available nucleophiles in the condensed phase,
e.g., addition of water to produce tetrols, sulfate to produce
organosulfates, and so on (Minerath et al., 2008; Eddingsaas
et al., 2010; Surratt et al., 2010). This proposed mechanism
has been corroborated by chamber investigations of parti-
cle acidity effects on OA formation (Surratt et al., 2007; Lin
et al., 2012), wherein dry acidic seeds (MgSO4 :H2SO4, 1 :
1) prompted strong reactive uptake behavior from epoxides
(Paulot et al., 2009b), compared to negligible uptake for dry,
non-acidified seeds.
Recent field data suggest that the story might be more

complex than described above, as weak correlations between
particle acidity and the abundance of IEPOX particle-phase
tracer products were observed in Southeastern USA sites
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Scheme 1 Formation of IEPOX isomers, from relevant isoprene
hydroxy hydroperoxide precursors, in the low-NO photooxidation
of isoprene. The expected dominant pathway is shown inside the
box. The naming convention is based on Paulot et al. (2009b).

(Lin et al., 2013; Budisulistiorini et al., 2013). It should be
noted that the indirect definition of “particle acidity,” which
relies on charge balance of cations and anions, have several
limitations and may not effectively represent the activity of
H+ in the aqueous phase of particles in some cases (Gre-
goire, 2013). Nevertheless, from the field observations, Lin
and coworkers proposed that other factors may possibly mod-
ulate OA formation from IEPOX in conjunction with particle
[H+]. One important distinction between previous chamber
investigations, which have all been conducted under dry con-
ditions (relative humidity, RH< 5%), and the Southeastern
USA location is the prevalence of particle liquid water on the
ammonium sulfate seeds. Water is a ubiquitous and abundant
component of the atmosphere, therefore the effect of liquid
water on the uptake of OA precursors has important impli-
cations for much of the globe. The crystalline ammonium
sulfate seeds used in dry chamber experiments may not have
adequate liquid water for IEPOX to partition into the aqueous
phase, nor sufficient H+, NH+

4 , and SO
2�
4 activities to pro-

mote reactive uptake. Similarly, a particle with a large weight
percent of H2SO4 may have a sizeable liquid water compo-
nent, even at RH< 5%, due to the strong hygroscopicity of
H2SO4 (Xiong et al., 1998), and the difference in reactive
uptake of IEPOX may be due either to the differences in par-
ticle liquid water or the particle free acidity. In contrast, high
concentrations of liquid water may cause dilution of aqueous
ions, i.e., changing the acidity or ionic strength, which has
been demonstrated to change the effective Henry’s Law par-
titioning coefficient of glyoxal (Kampf et al., 2013). Despite
these important interactions, the effect of liquid water on OA
formation from IEPOX has not been systematically explored
in the laboratory.
We report here the reactive uptake of two isomers of

IEPOX, the cis and trans �-IEPOX (Paulot et al., 2009b),
which together comprise more than 97% of the isomer dis-
tribution (Bates et al., 2014). We synthesized authentic stan-

dards and observed the dark OA growth onto non-acidified
and hydrated inorganic seeds at several particle liquid water
concentrations. In the atmosphere, ammonium ions (NH+

4 )
are one of the most abundant components of aerosols and
considerable IEPOX-derived OA are observed, even when
a dominant portion of the aerosols are charge-balanced,
e.g., [NH+

4 ] : 1/2⇥ [SO2�4 ] or [NH+
4 ] : [NO

�
3 ] ⇠1 (Lin et al.,

2013). The aqueous NH+
4 may possibly act as catalyst for OA

formation, as has been shown for a number of atmospheri-
cally important reactions (Noziere et al., 2009; Sareen et al.,
2010; Ervens and Volkamer, 2010; Yu et al., 2011). We study
reaction with NH+

4 as a potential rate-limiting mechanism
for the IEPOX reaction. The role of cation and anion com-
positions in the seed for OA formation is studied by using
ammonium sulfate, ammonium chloride, sodium sulfate, and
sodium chloride seeds.

2 Materials and methods

2.1 Experimental procedures

This work utilized a newly constructed 24m3 FEP Teflon en-
vironmental chamber specifically reserved for low-NOx ap-
plications. The walls have not been in contact with strong
acids and the chamber was operated in batch mode. Experi-
ments were performed at room temperature (23–24 �C) and
in the dark. Prior to the start of experiments, the chamber
was thoroughly flushed with dry, purified air until particle
concentrations are < 0.01 µgm�3. For humid experiments,
water vapor was injected until the desired relative humid-
ity (RH) was achieved in the chamber by flowing dry puri-
fied air over a Nafion membrane humidifier (FC200, Perma-
pure LLC), which is kept moist by recirculating 27 �C ultra-
purified (18M�) water (Milli-Q, Millipore Corp). Temper-
ature and RH were measured by a Vaisala HMM211 probe,
calibrated with saturated salt solutions in the RH range of 11–
95%. For RH< 11%, the water vapor content was quantified
by chemical ionization mass spectrometry (Sect. 2.2.1).
Seed particles were injected by atomizing aqueous so-

lutions (0.06M) of ammonium sulfate ((NH4)2SO4, AS),
sodium chloride (NaCl), ammonium chloride (NH4Cl), or
sodium sulfate (Na2SO4) at 2100 hPa of air into the cham-
ber through a 210Po neutralizer and water trap. All inorganic
seeds were injected through a 30 cm custom-built wet-wall
denuder kept at 90 �C, such that the seed particles enter the
chamber hydrated. Liquid water is expected to evaporate
from the seed particles according to the salt’s efflorescence
behavior (Lee and Hsu, 2000) at the RH of the chamber, e.g.,
in a dry chamber it is expected that the hydrated particles
will enter the chamber fully dried. Particles were allowed to
equilibrate until their volume concentrations are stable prior
to organic injections.
Two isomers of isoprene epoxydiols (cis and trans �-

IEPOX) were synthesized via procedures adapted from
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Zhang et al. (2012) and purified with normal-phase column
chromatography until the estimated purity based on nuclear
magnetic resonance (NMR) of the cis and trans �-IEPOX
isomers are 99% and > 92%, respectively. Details of the syn-
thesis and NMR spectra are reported in Bates et al. (2014).
Although the mole fractions of the impurities are low, their
high volatility may lead to an over-represented abundance in
the gas phase. For the cis isomer, we detected experimen-
tal interference from the volatile 1,4-dihydroxy-2-methyl-2-
butene (a precursor used in the synthesis), comprising⇠50%
of the vapor phase measured directly above a bulb of IEPOX
droplets by chemical ionization mass spectrometry (CIMS,
Sect. 2.2). In order to further purify before experiments were
conducted, cis �-IEPOX droplets were purged with dry N2,
and combined with 60 �C heating for > 8 h until the measured
impurity fraction dropped below 2% (Fig. S1 in the Supple-
ment). After the additional purification, IEPOX was injected
into the chamber by flowing a 5–8 Lmin�1 stream of dry pu-
rified air past several droplets in a clean glass bulb heated to
60 �C for 2–4 h. The mixtures of IEPOX and seed aerosols
were allowed to equilibrate for > 1 h. Most of the experi-
mental conditions were repeated and were found to be repro-
ducible within 15%. We expect systematic error to dominate
over the error of precision in this work.

2.2 Analytical methods

2.2.1 Chemical ionization mass spectrometry (CIMS)

Gas-phase IEPOX was measured with negative-ion chemical
ionization mass spectrometry (CIMS) using CF3O� as the
reagent ion, described in more detail previously (Crounse
et al., 2006; Paulot et al., 2009a; St. Clair et al., 2010).
The mass analyzer is a Varian triple-quadrupole spectrometer
with unit mass resolution. Air is brought from the chamber
using a 3mm inner diameter perfluoroalkoxy (PFA) Teflon
line with flow rate of 2.5 Lmin�1. Of the total chamber
flow, a 145mLmin�1 analyte flowwas sampled orthogonally
through a glass critical orifice into the CIMS. The analyte
flow was further diluted by a factor of 12 with dry N2 to
minimize the interaction of water vapor from the chamber
with the reagent ion in the ion-molecule flow region. The
subsequent data analysis corrects for the dilution factor. The
operational pressure and temperature were kept at 35.5 hPa
and 35 �C, respectively. The CIMS operated in a scanning
MS mode (m/z 50–250) and tandem MS mode (MSMS). In
MSMS mode, collisionally induced dissociation (CID) with
2.6 hPa of N2 fragments analyte ions into product ions in the
second quadrupole, following the ejection of neutral species.
The MS cluster ion C5H10O3 ·CF3O� (m/z 203) of IEPOX
was used for quantification, due to the higher signal-to-noise
(S / N) of this ion compared toMSMS ions. TheMSMS prod-
uct ion C5H9O3 ·CF2O� (m/z 203! m/z 183), found to
be unique to IEPOX in the isoprene OH-oxidation system,
was used to differentiate IEPOX from the isobaric isoprene

hydroperoxide (ISOPOOH), which has been documented to
yield mainly m/z 63 and a negligible amount of m/z 183
upon CID (Paulot et al., 2009b). ISOPOOH (m/z 203 !
m/z 63), was not expected, nor observed, during IEPOX in-
jections.
CIMS calibrations of cis and trans �-IEPOX were per-

formed by separately atomizing dilute (1–3mM) solutions of
each isomer with equimolar concentrations of hydroxyace-
tone, used as an internal standard, into the chamber through
a 15 cm PFA Teflon transfer line for a few hours. During
synthesis, NMR analysis showed that IEPOX was stable in
water solution for many hours if no acid was present, so
decay of IEPOX in the atomizer solution was not expected
over the course of the calibration experiment. Toluene was
used as a tracer to obtain the exact volume of the Teflon
bag for each calibration experiment. A measured volume of
toluene (6 µL) was injected into a clean glass bulb with a
microliter syringe (Hamilton) and quantitatively transferred
into the chamber with a 5 Lmin�1 stream of dry purified
air. The gas-phase toluene was monitored by commercial
gas chromatograph with flame-ionization detector (GC-FID,
Hewlett-Packard 6890N) using a calibrated HP-5 column
(15m, 0.53mm i.d.). The initial chamber temperature was
35 �C, and the temperature was ramped until 45 �C or until
no increase of IEPOX signal was observed in the CIMS. The
atomized solution was weighed before and after atomization.
Each sensitivity determination was repeated at least twice.
The sensitivities of the IEPOX isomers were calculated from
the ratio of the normalized ion counts (with respect to the
reagent ion signal) to the number of atomized moles. Small
amounts of nucleated organic aerosols were observed in the
chamber from the atomization, as measured by a scanning
mobility particle sizer (Sect. 2.2.3) and that volume concen-
tration was subtracted from the theoretical moles of IEPOX
(corrections of < 1%). Based on their calculated dipole mo-
ments and average polarizability, the cis isomer was expected
to have a sensitivity of ⇠1.6 times greater than the trans iso-
mer (Paulot et al., 2009b), and we found the sensitivity of the
cis isomer to be a factor of 1.8 greater than the trans isomer
in the MS mode. The difference between the two ratios is
within the error of the sensitivity determination.
Additionally, several mixing ratios of water vapor were in-

troduced into the CIMS ion-molecule region to measure the
water dependence of the IEPOX detection. Water vapor was
quantified by Fourier-transform infrared spectroscopy (FT-
IR, Nicolet Magna-IR 560) with a 19 cm pathlength quartz
cell. Spectral fitting was performed using the HITRAN spec-
tral database (Rothman et al., 2009) and the nonlinear fitting
software NLM4 developed by Griffith (1996). In the low-
RH range, outside the calibration limit of the membrane RH
probe, the CIMS water ions H2O · 13CF3O� (m/z 104) and
(H2O)2 ·CF3O� (m/z 121) were used to quantify water va-
por concentration in the chamber after calibration of water
vapor with FT-IR. These ions provide excellent sensitivity to
water and linearity in the 20–3500 ppm range in the CIMS
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ion molecule flow region (corresponding to 1–100% RH in
the chamber at 24 �C, before CIMS dilution). No water de-
pendence in the detection of the IEPOX ions was observed
within the range of water vapor observed by CIMS.
In order to quantify the gas-phase concentrations of

IEPOX, the CIMS signal was corrected to account for the
RH-dependent wall losses of IEPOX. The interactions of
IEPOX with chamber walls have not been previously char-
acterized, although those of its C4 analog have been reported
(Loza et al., 2010). IEPOX wall loss experiments were con-
ducted at RH= 3%, 46%, and 69%, as described in Section
2.1, continuously for 5–10 h. Figure S2 shows that the wall
losses of IEPOX on non-acidic walls were negligibly small
(⇠0.4% h�1 at RH 69%), within the error of CIMS mea-
surements.

2.2.2 Aerosol mass spectrometry (AMS)

Online particle composition was measured with a high-
resolution time-of-flight aerosol mass spectrometer (ToF-
AMS, Aerodyne Research Inc.). The ToF-AMSwas operated
in V mode (R ⇠2000 at m/z 200) and W mode (R ⇠3000–
4000 at m/z 200). Prior to experiments, the ToF-AMS ion-
ization efficiency was calibrated using size-selected 350 nm
ammonium nitrate particles. The ToF-AMS monitored the
content of ammonium (NH+

4 ), sulfate (SO
2�
4 ) and other non-

refractory ions throughout the course of the experiment. The
ammonium to sulfate ratio did not change over the course of
the experiment. Gas interferences and elemental ratios were
calculated using the fragmentation tables developed by Al-
lan et al. (2004) and Aiken et al. (2008). Data were analyzed
in IGOR Pro 6.31 (WaveMetrics, Inc.) using the SQUIR-
REL v 1.51H and PIKA v 1.10H analysis toolkits. Total con-
centration of organics (µgm�3) was calculated by summing
the nitrate-equivalent masses of each high-resolution ion cor-
related with the organic fraction from the V-mode data.
Particles were sampled through a 130 cm Nafion mem-

brane diffusion drier (MD-110, Permapure LLC) to avoid
flow obstructions from wet particles over time, at a flow rate
of 0.084 Lmin�1. It is expected that drying the particles may
introduce particle or organic line losses in the drier tube and
change the particle bounce characteristics on the AMS vapor-
izer plate. These perturbations may be corrected by apply-
ing a collection-efficiency (CE) factor. It was demonstrated
that organic aerosol particles with higher water content have
very low bounce probability, which corresponds to a CE of
unity (Matthew et al., 2008; Docherty et al., 2013). Compar-
atively, dry particles have much lower CE (⇠0.25 for pure,
dry AS) due to the high bounce rate. The CE of IEPOX-
derived organic aerosol-coated particles was calculated by
measuring the mass concentrations of organics, sulfate, and
ammonium of the wet particles without a drier, wherein CE
was assumed to be unity and line losses assumed to be neg-
ligible, and comparing with measurements made through a
drier. We observe a CE of 0.75 for all conditions in this work,

which is consistent with the collection efficiency of organic
aerosols measured previously (Docherty et al., 2013). Fur-
ther, it is expected that drying particles, relevant to the hy-
dration/evaporation cycles of aerosols in nature, may lead to
enhanced interactions between organic and inorganic com-
pounds (De Haan et al., 2011; Nguyen et al., 2012), irre-
versibly forming OA.

2.2.3 Particle size and number concentration

Particle size and number concentrations were measured with
a scanning mobility particle sizer (SMPS), comprised of a
custom-built differential mobility analyzer (DMA) coupled
to a commercial butanol-based condensation particle counter
(CPC, TSI Inc.). The SMPS particle size measurement was
calibrated with polystyrene latex (PSL) spheres. The parti-
cles entering the chamber have a static polydisperse distri-
bution, with peak dry particle diameter distributions in the
range of 50–100 nm. The sample air flow was not dried in
humid experiments. Particle mass concentrations were cor-
rected for RH- and size-dependent wall losses. The mass con-
centration of particles typically ranged from 65–90 µgm�3

for all experiments, using a particle density of 1.2 g cm�3.
For AS-based experiments, the particle liquid water con-

tent was calculated based on the size-dependent hygroscop-
icity of AS (Biskos et al., 2006; Hu et al., 2010). For each
particle diameter bin measured by SMPS, a theoretical dry
diameter was calculated based on size-dependent literature
growth factor data at the RH of the experiment. The differ-
ence in the wet (measured) and dry (calculated) integrated
area of the mass distribution yielded the liquid water concen-
tration in gm�3. Similarly, the percent of liquid water con-
tent is calculated as % LWC=100%⇥ (Vwet–Vdry)/Vwet, us-
ing the predicted wet and dry diameters.
Particle wall loss characterizations were performed for AS

seeds at RH= 3%, 20%, 50%, and 80% prior to the start of
the experimental series to correctly quantify the mass con-
centrations of particles as a function of time. It was assumed
that the loss rates of AS were representative for particles
of different composition. Seed aerosols were atomized into
the dry or humid chambers in the dark, allowed to stabilize,
and particle size and number concentrations were measured
for > 12 h. The particle correction method that accounts for
wall loss has been discussed in detail previously (Loza et al.,
2012).

2.2.4 Filter collection and analysis

Offline OA composition analysis was performed by ultra-
high performance liquid chromatography time-of-flight elec-
trospray ionization mass spectrometry (UPLC/ESI-ToFMS).
Aerosol samples were collected onto Teflon membrane fil-
ters (Millipore, 1 µm pore), pulled at a 20 Lmin�1 flow
through an activated charcoal denuder to remove the volatile
and semivolatile components. Each filter was extracted with
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methanol (Fisher, Optima grade, � 99.9%) by ultrasonica-
tion for 15min in a 20mL scintillation vial. The filtered ex-
tracts were blown dry under a gentle stream of ultra-high-
purity N2. The residue was reconstituted with 150 µL of
50 : 50 v / v acetonitrile (Fisher Optima grade, � 99.9%) and
water (Milli-Q).
Extracts were analyzed by a Waters Xevo G2-S

UPLC/ESI-ToF-MS equipped with an Acquity CSH C18 col-
umn (1.7 µm, 2.1⇥ 100mm). The solvents used for gradi-
ent elution were acetonitrile (Fisher Optima grade,� 99.9%)
and water with a 0.1% formic acid spike (solvent “A”). The
flow rate was held at 0.5mLmin�1. Accurate mass correc-
tion was completed by a lock spray of leucine enkephalin
(0.61 ng µL�1 in 50 : 50 v / v acetonitrile / water with 0.1%
formic acid). The ESI source was operated in negative mode,
where most analytes are ionized by deprotonation and mea-
sured as [M-H]�. Ionic molecular formulas were determined
from accurate masses (mass resolution of 60 000 atm/z 400)
using the elemental composition tool in Mass Lynx. Control
filters (no particles) and laboratory controls (seeds only) were
analyzed in the same manner.

3 Results and Discussion

3.1 Reactive uptake of cis and trans �-IEPOX onto
ammonium sulfate seeds

3.1.1 Liquid water content of seeds

Figure 1 shows the time profile for the organic aerosol (OA)
growth corresponding to reactive uptake of the trans �-
IEPOX onto ammonium sulfate (AS) seeds at two RH con-
ditions, dry (LWC ⇠0%) and RH 57% (LWC ⇠55%). The
traces shown in Fig. 1 are representative of uptake behav-
ior for both isomers on the experimental timescale. For RH
conditions above the ammonium sulfate (AS) efflorescence
point tested in this work (ERH ⇠35%, (Biskos et al., 2006)),
prompt and efficient OA growth onto AS seeds was observed
for both IEPOX isomers. No OA growth was observed when
the AS seeds were dry, in good agreement with other reports
(Lin et al., 2012, Surratt et al., 2010).
The OA growth from IEPOX did not halt after the end

of the gas-phase injection period (Fig. 1, solid black line),
even after periods of > 2 h (Fig. S3, top panel). This behav-
ior is indicative of a non-equilibrium process, as the addition
of nucleophiles is not reversible after the rate-limiting step
of IEPOX activation (Eddingsaas et al., 2010). The forma-
tion of low-volatility compounds should continue as long as
a reservoir of gas-phase IEPOX is available. The series of
expected reactions leading to the formation of ring-opening
products (ROP) is shown below, illustrated using a general
proton donor (AH) and nucleophile (Nu).

IEPOX(g) ⌧ IEPOX(aq),KH (R1)
IEPOX(aq) +AH⌧ IEPOX�H+ +A�H,kAH (R2)

 

 

Fig. 1. Typical uptake experiment results as a function of time,
shown for trans isomer, at dry (top) and humid (bottom) conditions
with the corresponding percent of liquid water content (LWC). The
solid black line indicates when IEPOX injection stopped and the
mixture was allowed to equilibrate. Double y axes correspond to
traces of the same color.

IEPOX�H+ +Nu! ROP�H+,kNu (R3)

ROP�H+ +A�H ! ROP+AH,kneutral (R4)

For a solution with low AH and Nu activity, the equilibrium
accommodation of IEPOX into the aqueous phase, described
by the Henry’s Law coefficient of IEPOX (KH), can be mea-
sured in isolation. Henry’s Law may not be an appropriate
description of the IEPOX reactive uptake experiments per-
formed on the liquid water of suspended aerosols, as the
aerosol water layers represent highly non-ideal solutions and
the OA formation is kinetically limited. The OA formation
mechanism may include contributions from reactions other
than Reactions (1–4). To a first-order approximation, total
OA mass formed from gas-phase reactive uptake of IEPOX
will be a function of aqueous IEPOX concentration, nucle-
ophile activity, and catalyst activity.
For the sake of comparison between experiments, it is use-

ful to have a metric that includes the ratio of OA formed
to gas-phase IEPOX injected and accounts for the variabil-
ity in the size and number of injected seeds between ex-
periments, which is reflected by the calculated aerosol wa-
ter at different RH. We define here a reactive partitioning
coefficient (8OA/IEPOX), calculated similarly to an effective
Henry’s Law coefficient, and thus having the same units (Se-
infeld and Pandis, 2006):

8OA/IEPOX = (COA /CIEPOX)/[10�6 · R · T · PLWC], (1)

where (COA/CIEPOX) is the mass concentration ratio of the
IEPOX-derived organic aerosol (dried), measured by ToF-
AMS, and the gas-phase IEPOX, measured by negative-ion
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Table 1. Summary of results from representative reactive uptake experiments onto ammonium sulfate seeds. Mean results from Lin et
al. (2012) are shown for comparison.

Exp. index IEPOX isomer Seed composition RH (%) Particle pH⇤ Seed (µgm�3) PLWC (gm�3) COA /CIEPOX 8OA/IEPOX
(M atm�1)

1 cis (NH4)2SO4 3 – 70 < 1⇥ 10�6 5.04⇥ 10�4 –
2 cis (NH4)2SO4 42 3.67 91 3.74⇥ 10�5 0.102 1.15⇥ 108
3 cis (NH4)2SO4 50 3.74 92 4.79⇥ 10�5 0.118 1.01⇥ 108
4 cis (NH4)2SO4 86 3.90 81 5.68⇥ 10�5 0.179 4.00⇥ 107
5 trans (NH4)2SO4 2 – 65 < 1⇥ 10�6 4.74⇥ 10�4 –
6 trans (NH4)2SO4 39 3.65 82 3.44⇥ 10�5 0.090 1.06⇥ 108
7 trans (NH4)2SO4 57 3.77 89 4.64⇥ 10�5 0.095 8.44⇥ 107
8 trans (NH4)2SO4 81 3.88 88 6.14⇥ 10�5 0.115 7.66⇥ 107
9 trans (NH4)2SO4 +NaOH, pH= 7 70 ⇠5.5 84 5.33⇥ 10�5 0.090 6.89⇥ 107
Lin et cis MgSO4 + H2SO4 (1 : 1) < 5 ⇠-10 48 1.62⇥ 10�5⇤⇤ 0.058 1.47⇥ 108
al. (2012)

⇤ Modeled pH using E-AIM and AIOMFAC models (the value from (Lin et al., 2012) is amolality-based pH), see text (Sect. 3.1.2).
⇤⇤ Based on hygroscopicity of H2SO4 at RH 5%, assumed growth factor 1.15, Xiong et al. (1998).

CIMS, PLWC is the liquid water content of the inorganic
aerosols prior to IEPOX introduction (gm�3), R is the ideal
gas constant (atmLmol�1 K�1), T is the temperature (K),
and 10�6 is a conversion factor (m3 cm�3). 8OA/IEPOX in-
cludes the contribution from Henry’s Law equilibrium parti-
tioning of IEPOX (Reaction R1), and thus is an upper limit
for the effective Henry’s Law constant.
We observe that 8OA/IEPOX was not time-dependent

when both IEPOX and OA were increasing, as the ratio
COA/CIEPOX stabilized when OA grew in response to gas-
phase IEPOX (Fig. S3) but increased after IEPOX injection
stopped. The stabilized ratio is used for 8OA/IEPOX calcula-
tions to compare between experiments. PLWC did not have
a significant time dependence due to a stable particle vol-
ume distribution before IEPOX gas-phase injections. The un-
certainties in the accuracy of the 8OA/IEPOX and KH mea-
surements were estimated to be �50% and +100%, com-
pounded from the uncertainties in the calculated CIMS sen-
sitivities, liquid water fraction, AMS organic mass determi-
nations, and other measurements.
A summary of 8OA/IEPOX and other values is given in Ta-

ble 1 for all AS-based uptake experiments. Figure 2 shows
8OA/IEPOX, as a function of particle liquid water, for the cis
and trans �-IEPOX uptake onto hydrated AS. A trend of de-
creasing 8OA/IEPOX with increasing LWC was reproducibly
observed, despite the uncertainty range in the 8OA/IEPOX de-
terminations. The suppression of 8OA/IEPOX as a function
of added water is likely due to dilution. For example, high
aerosol sulfate concentrations may cause a “salting-in” ef-
fect for IEPOX, or other water-soluble organic compounds
(Kampf et al., 2013), which is inversely proportional to wa-
ter content. Higher water may also reduce the [H+], although
the dependence of the reaction on catalyst concentrations is
not expected to be high. Additionally, higher PLWC dilutes
the aqueous IEPOX and nucleophile concentrations in the
aerosol liquid water, which reduce the rate of the chemical
reaction as these species are direct reagents. The dilution ef-

Fig. 2. Reactive partitioning coefficients (8OA/IEPOX) during the
gas-phase IEPOX injection phase for the trans and cis isomers as a
function of the particle liquid water concentration. Error bars indi-
cate experimental uncertainty as described in the text.

fect from increasing the pure water fraction at a fixed ion
content (moles of NH+

4 and SO
2�
4 ) is in contrast to a mod-

eled increase in OA mass in areas with high “anthropogenic
water”, in other words, mixtures of water-soluble compounds
found in urban regions (Carlton and Turpin, 2013). In the at-
mosphere, the partitioning of anthropogenic gases like NH3
and SO2 will simultaneously impact aqueous acidity and in-
organic concentration and thus may lead to enhanced OA for-
mation in areas with higher PLWC.

3.1.2 Particle acidity

As the decrease of 8OA/IEPOX with increasing liquid water
content may be due to more than one factor, an experiment
was carried out to isolate the effect of pH. In experiment 9
(Table 1), the AS solution was neutralized with a strong base
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(NaOH) until the atomizer solution reached pH= 7. Solutions
of AS without additives had pH ⇠5.5 before atomization be-
cause, although no strong acid was present, H+ is expected
to be present in small quantities based on the dissociation
equilibria of inorganics, such as the bisulfate/sulfate dissoci-
ation, and dissolution of CO2. An enhancement in the acidity
of the particle may result from a smaller volume of water in
the particle and/or through loss of NH3 upon atomization.
In the case of a fully hydrated AS particle, the pH in the
particle is predicted to be pH ⇠4 using the E-AIM Model
(Clegg et al., 1998), and modeled pH values in the parti-
cle for all AS-based experiments are shown in Table 1. As
the pH values of the particles in this work are derived using
inorganic models, the values obtained may include any un-
certainties inherent in the models, including uncertainties in
the gas/particle partitioning of NH3, hygroscopicity of salts,
and/or acid dissociation equilibria. When the RH is below the
deliquescence point of AS, the pH was estimated by calcu-
lating a concentration factor from the PLWC at the lower RH.
It is expected that atomization will also lead to slightly lower
pH for the base-neutralized atomizer solution, so the particle
may have pH< 7. However, adding NaOH above neutraliza-
tion to counter this effect may induce side reactions such as
base-catalyzed epoxide opening and OH� nucleophilic ad-
dition (Solomons and Fryhle, 2004). NaOH is not explicitly
treated in the E-AIM and AIOMFAC (Zuend et al., 2008) in-
organic models, therefore, it was assumed that atomization
of the AS + NaOH solution may lead to, at most, the same
enhancement factor that occurred for the pH of the pure AS
solutions.
Figure 3 shows that 8OA/IEPOX for the trans �-IEPOX +

AS system decreases slightly as pH is increased, reaching
a plateau above pH ⇠4. We note that any perceived change
is within the error of the measurement, however, it is clear
that the trend of 8OA/IEPOX with pH is minor. These results
differ from those of Eddingsaas et al. (2010), who observed
a linear increase of epoxide reaction rate with H+ activity.
Eddingsaas et al. (2010) used H2SO4/Na2SO4 solutions, and
thus the differences in observations may be entirely due to the
high NH+

4 activity in the AS particles employed in this work.
The data suggest that when [H+] is small, NH+

4 may acti-
vate reactions leading to OA formation, similarly to its cat-
alytic activity toward glyoxal (Noziere et al., 2009), methyl-
glyoxal (Sareen et al., 2010), and other carbonyls (Nguyen
et al., 2013, Bones et al., 2010). Interestingly, pH > 4 is the
range where NH+

4 catalysis is most efficient. This is demon-
strated by a stable reactivity of the NH+

4 -catalyzed reaction
to generate brown carbon from limonene SOA at pH 4–9,
but a sharp decline of reactivity below pH 4 (Nguyen et al.,
2012). As the H+ and NH+

4 ions are reactive toward organics
in low-moderate and moderate-high pH ranges, respectively,
the resulting pH dependence may appear to be weak in AS-
containing seeds. The dual reactivities of H+ and NH+

4 to-

Fig. 3. 8OA/IEPOX for the trans �-IEPOX isomer as a function of
the modeled particle pH.

ward IEPOX is expected to be important in nature, as NH+
4 -

based seeds are abundant.
In comparison, the MgSO4 :H2SO4 particles at RH< 5%

in the work of Lin et al. (2012) are strongly acidic. These
particles are predicted to have a non-negligible amount of
water due to the large hygroscopicity of H2SO4 – and in-
deed, acidity in particles is not a useful concept if water
is not present. At RH= 0–5%, pure H2SO4 particles have
a growth factor of 1.1–1.2 (Xiong et al., 1998). Assum-
ing a growth factor of 1.15, and taking into consideration
the inorganic seed mass concentration, we calculated PLWC
for the mean results in Lin et al. (2012), shown in Ta-
ble 1. The AIOMFAC Model (Zuend et al., 2008; Zuend
et al., 2011) was used to estimate the pH based on the
molal activity of H+ in the MgSO4:H2SO4 (1 : 1) parti-
cle. The calculated pH is ⇠ �10 and the corresponding
mean 8OA/IEPOX is ⇠1.5⇥ 108 M atm�1 for cis �-IEPOX
(the trans isomer was not studied). 8OA/IEPOX for the acidic
MgSO4 seeds is slightly higher than, but within the error
of, the 8OA/IEPOX values for non-acidified AS seeds when
a small amount of water is present (RH⇠40%). This com-
parison is meant to be qualitative and subject to uncertainty
because the experiments were not performed under the same
conditions. Nevertheless, the comparison shows that a solu-
tion of high H+ activity and a solution of high NH+

4 activ-
ity may both lead to a relatively similar reactive uptake co-
efficient. As [NH+

4 ]� [H+] in the particles in this work, a
similar 8OA/IEPOX would also suggest that kNH+

4
⌧ kH+ if

the observed rate coefficient for Reaction (2) is defined as
kobs = kAH · [AH]. Eddingsaas et al. (2010) estimated kH+ ⇠
5⇥ 10�2 M�1 s�1 and Cole-Filipiak et al. (2010) determined
kH+ = 3.6⇥ 10�2 M�1 s�1 for IEPOX.
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3.2 Molecular picture of OA formation from IEPOX

3.2.1 Cation and anion substitutions

To further investigate the role of NH+
4 in IEPOX ring-

opening reactions at near-neutral conditions, NH+
4 was re-

placed by a cation that cannot act as a proton donor (Na+).
As isomer structure appears to be unimportant for uptake,
only the trans isomer was used for this portion of the study.
Further, many nucleophiles present in the atmosphere are
known to add to the protonated epoxide to give the beta-
hydroxy ring-opening product, for example: H2O (Solomons
and Fryhle, 2004), SO2�4 ions (Cavdar and Saracoglu, 2009),
NH3 or amines (Clayden et al., 2001), and halide ions (Clay-
den et al., 2001). Thus, SO2�4 was substituted by Cl� to study
the anion (or nucleophile) effect.
Hydrated particles of AS ((NH4)2SO4), sodium sulfate

(Na2SO4), ammonium chloride (NH4Cl), and sodium chlo-
ride (NaCl) were introduced into the chamber in separate ex-
periments, followed by the introduction of trans �-IEPOX.
The mixtures were allowed to equilibrate for 3.5–6 h. The RH
range for these reactions is 60–85%, chosen at a point well
above their respective efflorescence RH (Martin, 2000), so
that each seed would contain a considerable fraction of liquid
water. The particle size distributions for each seed type were
polydisperse and unimodal, with hydrated mobility diame-
ters in the range of 15–600 nm and with 60–120 nm peak di-
ameters. It is expected that the hydrated particles were spher-
ical. The size-dependent hygroscopicities of AS and NaCl
are well-studied, however, the calculations of liquid water
content for other seed types are subject to error based on the
method we described due to limited literature data. There-
fore, we opt to present results based only on theCOA/CIEPOX
for the comparison of inorganic seed compositions.
OA formation after particle drying, as detected by ToF-

AMS, is negligible for both sodium salts (NaCl and
Na2SO4). The OA mass did not grow in response to the ad-
dition of IEPOX for the Na+-based particles (Fig. S4). Fig-
ure 4 shows the average stabilized ratios of OA formed with
respect to trans �-IEPOX injected for the four inorganic salts
used in this work. The atomizer solution pH for Na+-based
seeds was also⇠5.5, a typical pH for a water solution in equi-
librium with CO2 (Reuss, 1977). The large difference in re-
activity of IEPOX on Na2SO4 vs. (NH4)2SO4 seeds may be
attributed primarily to NH+

4 activity, although there will be
some differences in [H+] for the NH+

4 -based and Na
+-based

seeds due to the slight dissociation of NH+
4 ⌧NH3. Addi-

tionally, in light of the weak pH dependence for AS solutions,
it appears likely that NH+

4 activity is an important factor in
suppressing OA formation on Na2SO4 seed particles. The re-
sults show that equilibrium partitioning of IEPOX, i.e., any
condensed-phase mass formed from unreacted IEPOX, onto
salty solutions is not competitive with reactive partitioning
for OA formation.

 
 

 

   

 

 

  Fig. 4. Ratio of organic aerosol produced to gas-phase trans �-
IEPOX injected for seeds of various compositions (RH 60–85%).

For the ammonium salts, NH4Cl produced an order of
magnitude lower mean COA/CIEPOX ratio than (NH4)2SO4,
after an approximate 2h delay (Fig. S4). The modeled pH,
using E-AIM, for both ammonium salt systems is similar
(pH ⇠4–4.5), and thus, the difference in reactivity may be
attributed to the nucleophilic activity of Cl� compared to
SO2�4 . Interestingly, Minerath et al. (2009) showed that acid-
catalyzed ring-opening products of an epoxide with Cl� may
be more efficient than SO2�4 . In that study, sulfuric acid was
added to the NaCl + epoxide aqueous solution, which pro-
vide sulfate and bisulfate ions to the solution. Therefore,
the results may not be directly comparable to this work.
If Cl� can be a good nucleophile in aqueous solutions of
IEPOX when coupled with NH+

4 catalysis, we may expect
to observe organochloride products. There was no evidence
of organochloride-derived accurate mass fragments in ToF-
AMS data for the NH4Cl reactive uptake organics. Further,
gas-phase organochlorides were not observed by the CIMS.
It is possible that organochlorides are produced but are eas-
ily hydrolyzed in the aerosol liquid water due to the rela-
tively good leaving group ability of Cl�, i.e., the hydrolysis
behavior of organochlorides is more similar to that of ter-
tiary organonitrates than that of organosulfates (Darer et al.,
2011). It is also possible that organochlorides are preferen-
tially evaporated in the diffusion drier because they might be
more volatile than organosulfates or polyols. In both situa-
tions, but more so the latter, the total organic mass from the
NH4Cl experiments would be underestimated by ToF-AMS.
Although we did not quantify tetrols and other polyols in
this work, it is expected that they are present in substantial
quantities because they are the thermodynamically preferred
products in the epoxide ring-opening reactions.
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3.2.2 Henry’s Law constant

Although ToF-AMS did not observe OA formation for ex-
periments using sodium salts (NaCl and Na2SO4) after par-
ticle drying, the wall-loss-corrected SMPS data (not dried)
showed a minor and stable change in particle volume upon
injection of IEPOX into the chamber with hydrated NaCl or
Na2SO4 seeds (Fig. S5a, shown for NaCl). It is likely that
the dissolved but unreacted IEPOX was removed from the
condensed phase upon particle drying, which would lead to
no observed OA mass in the ToF-AMS data throughout the
duration of the experiment. The reversibility OA formation
on the hydrated seeds indicates equilibrium-partitioning of
IEPOX into the aerosol liquid water. The ratio of dissolved
OA to injected IEPOX (Fig. S5b) reached a steady-state
value at the end of the IEPOX injection period. Because NH+

4
is not present, and [H+] is not expected to be considerable in
the aqueous phase, Reactions (R2) and (R4) are unimportant
for this system. Further, in experiments using NaCl seeds,
where the nucleophilicity of the solution is weaker, we are
able to neglect the contribution of Reaction (R3), thereby iso-
lating the equilibrium partitioning of IEPOX (Reaction R1).
We estimate the Henry’s Law coefficient (KH) for the

equilibrium partitioning of IEPOX into a briny liquid
(NaCl ⇠9 M ionic strength) representative of atmospheric
aerosol to be 3⇥ 107 (�50 /+100%)Matm�1. The KH
in a solution of NaCl may be different than the value
in pure water, due to complex aqueous interactions of
Cl� and Na+ with water-soluble organics. As an ex-
ample, the Henry’s Law constant for glyoxal was mea-
sured to be KH = (4.19± 0.87)⇥ 105 M atm�1 in pure wa-
ter, 1.90⇥ 106 M atm�1 in a 0.05 M NaCl solution, and
8.50⇥ 105 M atm�1 in a 4.0 M NaCl solution at 298K (Ip
et al., 2009). Ip et al. (2009) attributed the increase in KH
for NaCl solutions at low ionic strengths (compared to wa-
ter) to hydrogen bonding interactions of Cl� and OH groups
and the decrease at high ionic strength to a “salting-out”
effect. The KH value for IEPOX has not been experimen-
tally determined in the past; however, the range of KH has
been estimated using the HENRYWIN model (EPA, 2008)
by several studies. For example, Eddingsaas et al. (2010) es-
timated KH = 2.7⇥ 106 M atm�1 using a bond contribution
method, and KH = 2.9⇥ 1010 M atm�1 using a group contri-
bution method in version 4.0 of the model. The empirical
KH value reported here is within range of both estimations
– closer to the bond contribution method estimate. These re-
sults provide a critical constraint in the partitioning coeffi-
cient, significantly decreasing the error associated with using
KH in a quantitative manner (from 4 orders of magnitude to
a factor of two).

3.2.3 Organic composition

A full analysis of the OA composition is outside the scope of
this work. The reader is referred elsewhere for a discussion

 
 

  

 

 

  
Fig. 5. ToF-AMS normalized difference spectra (composition at
peak OA growth minus composition during seed injection), show-
ing the organic composition of the OA produced by reactive uptake
of the trans and cis isomers. Select nominal mass ions previously
suggested to be IEPOX-derived OA tracers are labeled.

of the formation of oxygenated hydrocarbons, for example,
tetrols and alkenetriols and organosulfates in the aqueous re-
action of IEPOX catalyzed by acidic sulfate (Eddingsaas et
al., 2010, Surratt et al., 2010). Although strong acid is absent
in the systems studied in this work, we observe many similar-
ities in the IEPOX-derived OA composition compared to the
existing chamber and field results. For example, organosul-
fate products are abundant when hydrated AS seeds are used.
The dominant ion observed in negative ion mode UPLC/ESI-
ToFMS for AS uptake was C5H11SO�

7 (Fig. S6), correspond-
ing to the ring-opening trihydroxy organosulfate product of
IEPOX. Derivatization was not performed in this work to de-
tect tetrols. Organosulfate fragments were also observed in
ToF-AMS (CSO family of fragments, not shown).
IEPOX-derived OA formed under near-neutral conditions

in this work have ToF-AMS spectra similar to those of OA
observed in the field. The suggested tracers for IEPOX-
derived organics,m/z 53 (mostly C4H+

5 ) andm/z 82 (mostly
C5H6O+) (Lin et al., 2012, Robinson et al., 2011, Bud-
isulistiorini et al., 2013), were observed in uptake experi-
ments using both isomers. These mass fragments were pro-
posed to originate from the electron-impact (EI) ionization
of furan-derived molecules that were suggested to be formed
from the acid-catalyzed rearrangement of IEPOX (Lin et
al., 2013). Although mass fragments produced by EI may
have multiple sources, in the pure system used in this study,
m/z 82 was found to be a good tracer for IEPOX-derived
OA. Figure 5 shows the difference between mass spectra
at the end of the experiment and those at the time period
prior to organic injection, corresponding to the organic frac-
tion of the OA formed from the uptake of both isomers.
The spectral ion distributions are very similar to each other
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Fig. 6. ToF-AMS difference spectra (open minus closed chopper) showing organic nitrogen (amine) fragments from the reactive uptake of
trans �-IEPOX onto AS vs. Na2SO4 seeds. Similar fragments were observed for cis �-IEPOX using NH+

4 -based seeds and not observed in
Na+-based seeds.

and m/z 53 and m/z 82 constituted a substantial fraction
of the total ion intensity. The ion abundance of tracer frag-
ments increased in accordance with the growth of OA mass
(Fig. S7). As m/z 53 (C4H+

5 ) is a reduced fragment, it is
also linked to hydrocarbon-like organics in chamber studies
and may not be unique to IEPOX-derived OA. m/z 53 was
observed in all experiments, including those that used Na+-
based seeds. However, m/z 82 is abundant only when NH+

4 -
based seeds were used, supporting the suggestion that it can
be formed though the EI fragmentation of an IEPOX-derived
ring-opening product in ToF-AMS.
A unique aspect of the NH+

4 -catalyzed ring-opening reac-
tion of IEPOX is the minor possibility of nucleophilic addi-
tion by NH3, instead of reforming NH+

4 after neutralizing the
addition of another nucleophile. Figure 6 shows ion peaks for
organic fragments containing C-N bonds observed in ToF-
AMS data from the uptake of trans �-IEPOX onto AS vs.
Na2SO4 seeds. The same C-N fragments were observed in
cis �-IEPOX experiments using AS. These C-N fragments
were not initially present in the AS seeds, and grow linearly
following the introduction of IEPOX. Individual C-N frag-
ments correlate well (Fig. S8, linear fit R2 = 0.69–0.88) with
the m/z 82 IEPOX-derived OA tracer fragment (C5H6O+),
suggesting that the reaction of IEPOX is responsible for the
presence of these amines. Comparatively, C-N type frag-
ments were negligible or non-existent in uptake experiments
from Na+-based seeds. The identification of amines is tenta-
tive; however, to the best of our knowledge, this is the first
suggestion of amine formation from IEPOX. As organic ni-
trogen compounds also give rise to non-nitrogenous mass
fragments in ToF-AMS, it is not possible to estimate a mass
concentration for the amines in this work. However, the C-
N family of fragments comprised approximately 10% of the

C5H6O+ signal, an indication that amine formation may not
be negligible. The formation of organic nitrogen from the
IEPOX + NH+

4 reaction has important implications in the
atmosphere as the ring-opening reaction of epoxides with
amines should be more efficient than with NH3 (Azizi and
Saidi, 2005). Further investigations may provide more in-
sight on the source of organic nitrogen from the atmospheric
reactions of epoxides.

4 Summary and atmospheric implications

It was demonstrated here that the conversion of IEPOX to or-
ganic aerosol (OA) depends on the coupled relationship be-
tween the inorganic composition and liquid water content of
the particle (PLWC). The inorganic composition governs the
catalyst and nucleophile characteristics, and PLWC provides
a reaction medium for the partitioning of IEPOX and con-
trols the activities of all the aqueous components. The weak
dependence on pH and the strong dependence on nucleophile
activity and particle liquid water suggest that the IEPOX re-
actions in hydrated ammonium salts are nucleophile-limited,
rather than catalyst-limited.
We showed that the equilibrium partitioning (Reaction

1) and the rate-limiting step of IEPOX activation (Reac-
tion 2) do not proceed in the absence of liquid water; how-
ever, increasing the pure water content does not necessar-
ily increase the reactive partitioning coefficient due to vari-
ous dilution effects. When the inorganic particle is hydrated,
the OA conversion is then determined by the catalyst and
nucleophile activities. The rate of OA formation incorpo-
rates both Reactions (R2) and (R3), as illustrated by the
cation and anion substitution case studies. In the hydrated
Na2SO4 experiment, there was high activity of a relatively
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good nucleophile, but a good catalyst was absent. Therefore,
the formation of OA, i.e., the ring-opening product, was not
observed because the equilibrium of Reaction (R2) favors
IEPOX(aq). The aqueous IEPOX mass that partitioned from
the gas phase (KH) onto the hydrated Na+-based seeds was
removed from the condensed phase following the evapora-
tion of water. In the hydrated NH4Cl experiment, there was
high activity of a good catalyst but possibly a poorer nucle-
ophile than sulfate ion. A smaller quantity of OA formed be-
cause the rate of Reaction (R3) was slow, which was further
supported by the observed 2 h delay in OA formation. Only
when PLWC, NH+

4 activity, and SO
2�
4 activity are all signifi-

cant, as in the case of hydrated (NH4)2SO4 seeds, is the OA
formation efficient and prompt. The OA mass formed from
IEPOX uptake onto 1:1 MgSO4:H2SO4 seeds (RH< 5%)
from previous studies may also be explained in terms of these
conditions, as PLWC (⇠30%), catalyst (H+) activity and nu-
cleophile (SO2�4 ) activity were all sufficiently high in the par-
ticle.
In the atmosphere, relationships of water-soluble OA with

PLWC may be different and more difficult to interpret com-
pared to laboratory studies because an increase in the PLWC
of atmospheric particles is often accompanied by the co-
partitioning of water-soluble organic and inorganic com-
pounds. The abundance of water-soluble organic compounds
in the Southeast USA has been observed to be proportional to
the liquid water contents of particles (Hennigan et al., 2008,
2009, Carlton and Turpin, 2013). In contrast, a weak correla-
tion of modeled PLWC with the abundance of IEPOX-derived
OA tracers has also been observed, in the same geographi-
cal region (Budisulistiorini et al., 2013). The results of this
work may not be directly comparable to field observations,
however, they do not necessarily conflict. Particles may ex-
perience multiple hydration/evaporation cycles in the atmo-
sphere, and the majority of particles likely contain liquid wa-
ter at some point during their long lifetimes. The OA pro-
duced from IEPOX reactive uptake onto AS is irreversible
(not removed from particle drying in this work), and depend-
ing on whether it had been sampled in the atmosphere be-
fore or after an evaporation cycle, the apparent correlation
of IEPOX-derived OA with PLWC would be different. Con-
sequently, systematic studies in the laboratory are important
for elucidating observations from the field.
Our results offer an alternate explanation to the abundance

of IEPOX-derived OA tracers when the free H+ acidity in
particles is modeled to be low (Lin et al., 2013). It has been
suggested that the reason for the weak correlation with acid-
ity is the reaction of an acidic seed particle with IEPOX to
form organosulfates, which affects the particle acidity over
time (Budisulistiorini et al., 2013). We show here that parti-
cle acidity does not appear to be important for the IEPOX +
AS system if particle liquid water is present, in that highly
acidic seeds and weakly acidic AS seeds both have high po-
tential to form OA from IEPOX reactive partitioning. The ap-
parent correlation between OA mass from IEPOX and PLWC,

 
 

  
 

  

Scheme 2 Addition of weak nucleophiles in the aqueous NH+
4 –

and H+-catalyzed ring opening of IEPOX to form low-volatility
organic compounds.

ammonium or acidity may be weak whenever water or cat-
alyst concentrations are not limited; thus, in regions with
high AS loading and RH, there should be a higher corre-
lation with sulfate. This result would suggest that the OA
formation process from IEPOX is insensitive to changes in
the degree of neutralization of the particles in many AS-
dominated areas, including the Southeast USA. The typi-
cal [NH+

4 ] is several orders of magnitude larger than [H
+]

in atmospheric particles, making it very likely to activate
the IEPOX ring-opening reaction. Current models consider
only H+ and HSO�

4 activity (McNeill et al., 2012, Pye et al.,
2013), likely owing to the lack of experimental data describ-
ing the NH+

4 -initiated reaction with IEPOX, for example, ki-
netic coefficients like kNH+

4
. Future experimental and model-

ing studies should consider the NH+
4 activity of a particle, in

addition to the H+ and HSO�
4 activity, for a more-accurate

representation of OA formation from IEPOX.
An updated reaction mechanism appears in Scheme 2,

in which NH+
4 and H+ are shown to donate a proton to

the epoxide oxygen, followed by nucleophilic addition to
form oxygenated hydrocarbons, ammonia (or amines), and
organosulfates. The ability of NH+

4 to catalyze a nucleophilic
addition reaction is not unprecedented, as NH+

4 can proto-
nate aldehydes to facilitate nucleophilic addition (Noziere et
al., 2009), and the high ring strain of an epoxide should pro-
vide an even greater thermodynamic motivation for the re-
action. Indeed, due to the strain of epoxides, ring opening is
chemically facile and may be promoted by a wide range of
aqueous chemical species and conditions common in atmo-
spheric aerosols, in addition to H+ and NH+

4 . For example,
Lewis acids such as iron (Fe3+) (Iranpoor and Salehi, 1994)
and copper (Cu2+) (Muzart and Riahi, 1992) ions may be
even stronger catalysts. Furthermore, the reaction may pro-
ceed with no added catalyst, for example, in the presence
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of amines (Azizi and Saidi, 2005) or even hot water (60 �C)
(Wang et al., 2008). The nucleophiles for these reactions may
be water, amines or ammonia, thiols, sulfate ions, nitrate ion,
halide ions, carboxylic acids, and alcohols (Iranpoor et al.,
1996, Jacobsen et al., 1997, Clayden et al., 2001). Because
of the diversity in the composition of atmospheric aerosols
and fog/cloud droplets (Graedel andWeschler, 1981), the dis-
tribution of IEPOX-derived products in nature may be more
complex and varied than currently believed.

Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
3497/2014/acp-14-3497-2014-supplement.pdf.
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Abstract. Secondary organic aerosol (SOA) yields
were measured for cyclododecane, hexylcyclohexane,
n-dodecane, and 2-methylundecane under high-NOx condi-
tions, in which alkyl proxy radicals (RO2) react primarily
with NO, and under low-NOx conditions, in which RO2
reacts primarily with HO2. Experiments were run until
95–100% of the initial alkane had reacted. Particle wall
loss was evaluated as two limiting cases using a new
approach that requires only suspended particle number-size
distribution data and accounts for size-dependent particle
wall losses and condensation. SOA yield differed by a factor
of 2 between the two limiting cases, but the same trends
among alkane precursors were observed for both limiting
cases. Vapor-phase wall losses were addressed through
a modeling study and increased SOA yield uncertainty
by approximately 30%. SOA yields were highest from
cyclododecane under both NOx conditions. SOA yields
ranged from 3.3 % (dodecane, low-NOx conditions) to 160
% (cyclododecane, high-NOx conditions). Under high-NOx
conditions, SOA yields increased from 2-methylundecane
< dodecane ⇠ hexylcyclohexane < cyclododecane, con-
sistent with previous studies. Under low-NOx conditions,
SOA yields increased from 2-methylundecane ⇠ dodecane
< hexylcyclohexane < cyclododecane. The presence of
cyclization in the parent alkane structure increased SOA
yields, whereas the presence of branch points decreased
SOA yields due to increased vapor-phase fragmentation.

Vapor-phase fragmentation was found to be more prevalent
under high-NOx conditions than under low-NOx conditions.
For different initial mixing ratios of the same alkane and
same NOx conditions, SOA yield did not correlate with SOA
mass throughout SOA growth, suggesting kinetically limited
SOA growth for these systems.

1 Introduction

Alkanes are emitted from combustion sources and can com-
prise up to 90% of anthropogenic emissions in urban areas
(Rogge et al., 1993; Fraser et al., 1997; Schauer et al., 1999,
2002) and 67.5%, 56.8%, and 82.8% of the mass of diesel
fuel, liquid gasoline, and non-tailpipe gasoline sources, re-
spectively (Gentner et al., 2012). Upon atmospheric oxida-
tion by OH and NO3 radicals, alkanes form lower-volatility
products that can condense as secondary organic aerosol
(SOA). Ambient lifetimes against reaction with OH range,
for example, from 0.5 days for n-hexadecane to 1.4 days
for n-octane (Atkinson and Arey, 2003; Seinfeld and Pan-
dis, 2006), allowing for the transport of alkanes from urban
to rural areas.
SOA formation under high-NOx conditions, in which alkyl

proxy radicals (RO2) react primarily with NO, has received
much attention. Lim and Ziemann (2005, 2009a, c) devel-
oped a mechanism for linear, branched, and cyclic alkane
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oxidation that includes the formation of multi-generation
oxidation products. SOA yields, defined as mass of SOA
formed divided by mass of alkane reacted, have been mea-
sured in the laboratory for C7–C25 alkanes with linear,
branched, and cyclic structures (Lim and Ziemann, 2005,
2009b; Presto et al., 2010; Tkacik et al., 2012). In these stud-
ies, SOA yields are reported after 50–85% of the alkane had
reacted and may not represent the maximum possible yield.
Generally, SOA yield was found to increase with increasing
carbon number or the presence of a cyclic structure and de-
crease with branching of the carbon chain.
SOA formation under low-NOx conditions, in which RO2

reacts primarily with HO2, has received less attention. Yee
et al. (2012, 2013) developed an oxidation mechanism for n-
dodecane and extended it to cyclic and branched compounds.
Yee et al. (2012, 2013) also identified multiple generations
of alkane oxidation products, and Craven et al. (2012) used
positive matrix factorization to demonstrate continuous evo-
lution of the chemical composition of SOA generated during
36 h of low-NOx dodecane photooxidation. SOA yields for
select linear and cyclic structures have been measured, and
the same trends for carbon number and presence of a cyclic
structure were observed under low-NOx conditions as under
high-NOx conditions (Lambe et al., 2012).
Here we report SOA yields from 12-carbon alkanes with

linear, cyclic, and branched structures under both high- and
low-NOx conditions. In each experiment, 95–100% of the
alkane, a greater percentage than those achieved in previous
chamber studies, was oxidized to study the contribution of
multi-generation products to SOA yield. Additionally, mul-
tiple alkane mixing ratios were used to assess the effect of
precursor mixing ratio on gas-particle partitioning.

2 Materials and methods

2.1 Experimental setup

Low-NOx experiments were conducted in the Caltech dual
28m3 Teflon chambers, details of which are given elsewhere
(Cocker et al., 2001; Keywood et al., 2004). High-NOx ex-
periments were conducted in the Caltech dual 24m3 Teflon
chambers, located in a new facility that replaced the 28m3
chamber facility. Most components of the old facility, in-
cluding instrumentation, were moved to the new laboratory,
which provides precise temperature control of the cham-
bers (±1 �C) and flushing at a rate approximately 3 times
faster than that in the 28m3 chamber facility. The difference
in chamber volume is not expected to influence the experi-
ment outcomes. Before each experiment, the chambers were
flushed with dried, purified air for > 24 h, until the parti-
cle number concentration was < 50 cm�3 and the volume
concentration was < 0.1 µm3 cm�3. First, hydrogen perox-
ide (H2O2, 50% wt., Sigma Aldrich) was added to the cham-
ber by flowing purified air over a measured volume of H2O2

in a glass bulb maintained at 30–35 �C. Volumes of 70 and
280 µL were used for high-NOx and low-NOx, experiments,
respectively. Next, seed particles were injected by atomizing
a 0.015M aqueous ammonium sulfate solution. n-Dodecane
(Sigma Aldrich, 99+% purity), 2-methylundecane (TCI,
America, > 98% purity), or hexylcyclohexane (TCI, Amer-
ica,> 98% purity) was introduced into the chamber by evap-
orating a known alkane liquid volume with 5 Lmin�1 of pu-
rified air. Cyclododecane (TCI, America,> 99% purity) was
introduced into the chamber by evaporating a known cy-
clododecane mass with 5 Lmin�1 of purified air. During each
injection, the glass bulb containing the liquid or solid alkane
was heated slightly to facilitate evaporation. For high-NOx
experiments, approximately 100 ppbv NO was then added
to the chamber from a 510 ppmv NO in N2 cylinder (Air
Liquide). The chamber contents were allowed to mix for
1 h before beginning irradiation with 350 nm-centered UV
broadband lamps (40W Sylvania 350BL). Different light
intensities were used for low- and high-NOx experiments
corresponding to jNO2 ⇠ 4⇥ 10�3 s�1 and ⇠ 6⇥ 10�3 s�1,
respectively. To maintain high-NOx conditions, 20 sccm of
510 ppmv NO was continuously injected into the chamber
during the irradiation period. This additional ⇠ 21 L of N2
has a negligible effect on chamber volume. The chamber con-
tents were irradiated for 18 h and 30–36 h for high- and low-
NOx experiments, respectively, to achieve similar OH expo-
sures in all experiments.
A suite of instruments was used to study the evolution of

the gas and particle phases. Alkane mixing ratios were mea-
sured using a gas chromatograph with flame ionization detec-
tor (GC/FID, Agilent 6890N), equipped with a HP-5 column
(15m⇥ 0.53mm ID⇥1.5 µm thickness, Agilent). Samples
for injection into the GC/FID were taken by drawing 1.3 L
of chamber air at a flow rate of 0.13 Lmin�3 through a glass
tube packed with Tenax TA resin. The glass tube was sub-
sequently desorbed for 10min in the inlet of the GC/FID at
260 and 275 �C for low- and high-NOx experiments, respec-
tively, onto the column, held at 30 �C. After 15min, the oven
temperature was ramped at 10 �Cmin�1 to 280 �C and held at
that temperature for 5min. The mass response of the detector
was calibrated for each alkane using Tenax tubes spiked with
standard solutions and analyzed using the same method as
the sample tubes. Relative humidity (RH), temperature, NO,
NOx, and O3 were continuously monitored. Alkane oxida-
tion products were detected using a custom-modified Varian
1200 triple-quadrupole chemical ionization mass spectrom-
eter (CIMS). Details of operation can be found elsewhere
(Crounse et al., 2006; Paulot et al., 2009; Yee et al., 2012,
2013). The CIMS was operated in negative mode in which
CF3O� is used as the reagent ion. CF3O� clusters with the
analyte, R, forming ions [R ·CF3O]� at mass-to-charge ratio
(m/z) [M+85]�, where M is the nominal weight of R. For
acidic species, the transfer product forms ions [R ·F]� atm/z

[M+19]�. Some analytes can be seen in both the cluster and
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Table 1. SOA precursor and aerosol properties.

Alkane Structure kOH⇥ 1012a High-NOx Low-NOx
SOA densityb SOA densityb

(cm3 s�1) (gcm�3) (gcm�3)

n-Dodecane (Dod) 13.9c 1.28± 0.01 1.12± 0.03

2-Methylundecane (Mud) 13.1± 0.7 1.28± 0.01 1.12± 0.03

Hexylcyclohexane (Hch) 17.4± 0.6 1.29± 0.01 1.17± 0.03

Cyclododecane (Cdd) 14.7± 0.4 1.23± 0.02 1.28± 0.03

a Measured from a relative rate experiment at 297K using dodecane as the reference compound. One standard deviation is given for each
rate constant.
b SOA densities were calculated during nucleation experiments by comparing the diameter of the SOA measured by the DMA to that
measured by the AMS. One standard deviation is given for each value.
c Jordan et al. (2008) for 298K.

transfer product forms. The signal at eachm/z represents the
sum of signals from all isomers contributing to that m/z.
Aerosol size distribution and number concentration were

measured continuously using a custom-built scanning mo-
bility particle sizer consisting of a differential mobility an-
alyzer (DMA, TSI, 3081) coupled to a condensation par-
ticle counter (CPC, TSI, 3010), henceforth referred to as
the DMA. The DMA was operated in a closed-loop con-
figuration with a recirculating sheath and excess flow of
2.67 Lmin�1 and a 5.4 : 1 ratio of sheath to aerosol flow
rates. The column voltage was scanned either from 10 to
1000V over 100 s or 15 to 9850V over 45 s.
Real-time particle mass spectra were collected continu-

ously by an Aerodyne high-resolution time-of-flight aerosol
mass spectrometer (AMS, DeCarlo et al., 2006; Canagaratna
et al., 2007). The AMS switched between the higher resolu-
tion, lower sensitivity “W-mode” and the lower resolution,
higher sensitivity “V-mode”. AMS data were processed
using the ToF-AMS Unit Resolution Analysis Toolkit,
“SQUIRREL” (http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html), in Igor Pro
Version 6.31 (Wavemetrics, Lake Oswego, OR). “V-mode”
data were analyzed using fragmentation table to separate
sulfate, ammonium, and organic spectra and to time-trace
specific mass-to-charge ratios (Allan et al., 2004). “V-mode”
and “W-mode” data were analyzed using the high-resolution
spectra toolbox known as PIKA (Peak Integration by Key
Analysis) to determine the chemical formulas contributing
to distinct m/z ratios (DeCarlo et al., 2006). Organic ions
up to m/z 305 were used to calculate elemental ratios.
Craven et al. (2012) proposed formulas for organic ions with
m/z > 100 observed for low-NOx dodecane photooxidation
SOA based on hypothesized fragmentation of products
formed in the dodecane photooxidation mechanism (Yee

et al., 2012). Similar analysis was applied to identify organic
ions withm/z > 100 for SOA from all 4 alkanes investigated
here under both low- and high-NOx conditions. Organic
ions CO+ and C2H+

4 were not fit in “V-mode” due to the
large interference from the N+

2 peak, and their signals were
estimated from those of particle-phase CO+

2 and C2H+
3 ,

respectively, using correlations determined from “W-mode”
data, which has better resolution of the CO+, N+

2 , and C2H
+
4

peaks. The ratio of particle-phase CO+ to CO+
2 varied by

experiment between 0.45 and 3.5, and a specific ratio was
used for each experiment (see Table S1). The ratio of C2H+

4
to C2H+

3 was found to be 0.47 for SOA from dodecane,
2-methylundecane, and hexylcyclohexane and 0.40 for SOA
from cyclododecane under both NOx conditions. Addition-
ally, the intensities of H2O+, OH+, and O+ were calculated
from particle-phase CO+

2 (Aiken et al., 2008). AMS data
reported in this work were collected using “V-mode” and
averaged over 1 h or 30min intervals for low- or high-NOx
experiments, respectively.
Experimental OH concentrations were calculated from the

measured alkane mixing ratio, the alkane concentration de-
cay rate, estimated from the alkane mixing ratio fit to a differ-
entiable function (typically, a 1- or 2-term exponential func-
tion), and the alkane+OH reaction rate constant. A litera-
ture OH reaction rate constant was available only for do-
decane; rate constants for the other three alkanes were es-
timated from a relative rate experiment in which 10 ppbv
of each alkane was oxidized simultaneously under low-NOx
conditions (Table 1). The measured rate constant for hexyl-
cyclohexane is in good agreement with that calculated from
structure–activity relationships (Kwok and Atkinson, 1995),
17.6⇥ 10�12 cm3molec�1 s�1, and the measured rate con-
stants for 2-methylundecane and cyclododecane are lower
than those calculated from structure–activity relationships,
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Fig. 1. Temporal trends of gas-phase species and SOA mass con-
centration during a typical high-NOx experiment. On the left axis,
SOA mass concentration (lower limit) is reported in µgm�3, and
dodecane, O3, and NO2 mixing ratios are reported in ppbv. NO and
OH concentrations are given on the right axis. NO2, O3, NO, SOA
mass, and OH concentrations are hourly averaged. Data are shown
for the 57 ppbv dodecane experiment, DH2 (see Table 2). OH con-
centration was calculated from the dodecane decay.

13.9⇥10�12 and 17.0⇥10�12 cm3molec�1 s�1, respectively.
To calculate OH exposure, an interpolated OH concentration
with a time resolution of 2–3min is calculated from a fit to
experimental data, as described previously, the alkane mixing
ratio decay rate, and the alkane+OH reaction rate constant.
The interpolated OH concentration is multiplied by the time
between data points and summed to each time point to obtain
OH exposure.
Photolysis of H2O2 under low-NOx conditions

produced a constant OH radical concentration of
(1–3)⇥106 moleccm�3. Under high-NOx conditions,
OH radicals also were produced throughout the en-
tire irradiation period, 18 h, with initial concentrations
of (0.7–3)⇥107 moleccm�3 that decreased steadily to
(1–5)⇥106 moleccm�3 after 18 h. In addition, reaction of
HO2 radicals with NO produced NO2, which photolyzed
to produce O3. O3 mixing ratios peaked at 200–600 ppbv
approximately halfway through the experiment and then
decreased as NO was continuously injected into the cham-
ber. The variance in O3 mixing ratio is not expected to
affect SOA formation mechanisms and is discussed below.
Typical vapor mixing ratios and SOA growth for a high-NOx
experiment (59 ppbv dodecane) are shown in Fig. 1.
Three oxidants, OH, O3, and NO3, were produced under

high-NOx conditions. All oxidant concentrations varied dur-
ing the experiment due to the continuous addition of NO.
While O3 is not expected to react with most alkane pho-
tooxidation products, it can react with dihydrofurans, which
also react with OH and NO3. Variation in O3 mixing ratios
amongst the experiments could influence SOA yields by af-

fecting the fate of dihydrofurans. In the present experiments,
the ratios of dihydrofuran sinks were determined by compar-
ing the lifetimes for dihydrofuran against reaction with OH,
O3, and NO3 at experimental conditions. Jordan et al. (2008)
estimated C12 dihydrofuran+OH rate constants as approxi-
mately 2.4⇥ 10�13 cm3molec�1 s�1. The rate constants for
C12 dihydrofuran+O3 and C12 dihydrofuran+NO3 were
taken as 3.49⇥10�15 and 1.68⇥10�10 cm3molec�1 s�1, re-
spectively, as measured for 4,5-dihydro-2-methylfuran by
Martin et al. (2002). O3 mixing ratios were measured di-
rectly, OH concentrations were calculated from the alkane
mixing ratio decay, and NO3 concentrations were estimated
from a photochemical model. The lifetime for dihydrofu-
ran against reaction with O3 was calculated to be at least
an order of magnitude less than that against reaction with
OH for all experimental conditions, and the variation in O3
mixing ratios amongst the experiments had little effect on
the fate of dihydrofurans. For the highest estimated NO3
concentration (1⇥ 107 moleccm�3), the lifetime for dihy-
drofuran against reaction with NO3 was comparable to that
against reaction with O3, and at the lowest estimated concen-
tration, the lifetime for dihydrofuran against reaction with
NO3 was an order of magnitude larger than that against re-
action OH. In an urban area such as Mexico City with max-
imum OH, O3, and NO3 (daytime) concentrations of 4.6⇥
106, (0.74–2.0)⇥1012, and 2.4⇥ 107 moleccm�3, respec-
tively (Molina et al., 2010; Stephens et al., 2008; Volkamer
et al., 2010), the estimated lifetimes for dihydrofuran against
reaction with these compounds are 15min, 2.4–6.4min, and
4.1min, respectively. The conditions in the present experi-
ments produce atmospherically relevant ratios of dihydrofu-
ran sinks. Additionally, NO3 was not a significant sink of
either the parent alkane or RO2 radicals even at the largest
estimated NO3 mixing ratio.

2.2 SOA yield calculations

Particles deposited to the chamber walls are accounted
for when calculating the mass concentration of organic
aerosol formed. Particle wall-loss corrections were made us-
ing the two limiting assumptions of gas-particle partitioning
(Weitkamp et al., 2007; Hildebrandt et al., 2009; Loza et al.,
2012). In one limit, no suspended vapors are assumed to con-
dense on deposited particles. This limit is termed the lower
limit because it represents the smallest possible SOA mass
formed during growth. In the other limit, deposited particles
are assumed to interact with suspended vapors to the same
extent as suspended particles. This limit is termed the up-
per limit because it represents the largest possible SOA mass
formed during growth. A new approach to calculate both up-
per and lower limit wall loss solely from suspended parti-
cle number-size distribution data is described in Appendix A.
This approach is an extension of the Aerosol Parameteriza-
tion Estimation model (Pierce et al., 2008) to calculate both
limits to particle wall-loss corrections. Total particle volume
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concentration was calculated from the wall-loss corrected
number-size distributions. To obtain SOA mass concentra-
tion, the seed particle volume concentration was subtracted
from the total particle volume concentration, and the result-
ing organic particle volume concentration was multiplied by
the SOA density, calculated from DMA and AMS data from
a separate experiment (see Table 1).
SOA yield, Y , was calculated for both upper and lower

limit SOA mass concentrations, 1Mo (µgm�3), using

Y = 1Mo
1HC

, (1)

where 1HC (µgm�3) is the mass concentration of alkane
reacted.
In addition to particle-phase wall losses, vapor-phase wall

losses of 12-carbon alcohols and ketones have been observed
in laboratory chambers (Matsunaga and Ziemann, 2010). If
vapors condense on chamber walls instead of on particles,
then SOA yields will be underestimated. Vapor wall losses
were not taken into account for the yields presented here;
the effect of vapor wall losses on SOA yields is discussed in
Appendix B.

3 Results and discussion

For most SOA precursors, a larger initial hydrocarbon mix-
ing ratio results in a larger source of semivolatile oxidation
products, assuming that reactions occur at the same tempera-
ture and oxidizing conditions and that the vapor-phase prod-
uct distributions do not vary over the range of initial hy-
drocarbon mixing ratios considered. The presence of more
condensible products facilitates partitioning of semivolatile
product species to the particle phase, leading to increased
yields relative to lower mixing ratio experiments. Oxidant
exposure also affects SOA yield. SOA yield increases with
increasing oxidant exposure as the hydrocarbon reacts form-
ing multiple generations of semivolatile products; however,
with ever-increasing oxidation, fragmentation reactions will
begin to dominate over functionalization reactions, produc-
ing volatile products that do not condense or evaporate from
the condensed phase and decreasing SOA yield.

3.1 High-NOx SOA yield measurements

Conditions for high-NOx experiments are given in Ta-
ble 2. The reported 1Mo and yield correspond to ap-
proximately 18 h of irradiation and an OH exposure of
(6–12)⇥107 moleccm�3 h. By this point, at least 95% of the
initial hydrocarbon had reacted. SOA growth occurred con-
tinuously as the alkane reacted. Figure 2a shows the SOA
yield after approximately 18 h of irradiation as a function
of hydrocarbon concentration reacted. The top and bottom
of each line correspond to the upper and lower limits to the
particle wall-loss correction, respectively. Experiments were
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Fig. 2. SOA yield at 95–100% of initial hydrocarbon reacted under
(a) high- and (b) low-NOx conditions. Each line shows the range
between the lower limit (deposited particles do not undergo gas-
particle partitioning) and upper limit (gas-particle partitioning to
deposited particles is the same as that to suspended particles) SOA
yields for an experiment.

run with approximately 10 ppbv (100 µgm�3) or 60–80 ppbv
(400–550 µgm�3) initial alkane mixing ratio. In both initial
alkane concentration regimes, cyclododecane produced the
largest yields, while the smallest yields were observed for
2-methylundecane. Dodecane and hexylcyclohexane yields
were similar. These results are consistent with the relation-
ship between alkane structure and SOA yield observed by
Lim and Ziemann (2009b) and Tkacik et al. (2012). When
comparing the yields for each compound between the two
initial hydrocarbon concentration regimes, no clear patterns
emerge. For 2-methylundecane and hexylcyclohexane, the
yield increases as initial alkane concentration increases. For
dodecane and cyclododecane, the yield decreases as initial
alkane concentration increases. This behavior will be dis-
cussed further in Sect. 3.4.
For cyclododecane and hexylcyclohexane, a large differ-

ence between upper and lower limit yields is observed in
Fig. 2 for experiments with 1HC< 100 µgm�3. These ex-
periments had approximately 10 ppbv initial alkane. For ex-
periments shown in Fig. 2 with 1HC> 100 µgm�3, those
with 60–80 ppbv initial alkane, SOA growth began soon af-
ter the onset of irradiation, increasing the suspended parti-
cle number-size distribution peak diameter to 250–350 nm.
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Table 2. High-NOx experimental details.

Expt.a Alkane Seed vol. NOob NO2,ob HCo 1HC 1Mc
o Yieldc

(µm3 cm�3) (ppbv) (ppbv) (ppbv) (ppbv) (µgm�3) (frac.)

MH1 Mud 31.7± 9.5 94.1± 0.5 6.6± 0.2 11.6± 0.4 11.6 8.5–17 0.11–0.21
MH2 Mud 41.6± 12.5 97.7± 0.5 5.8± 0.2 79.6± 2.5 79.1 100–200 0.19–0.38
DH1 Dod 30.9± 9.3 93.8± 0.5 6.3± 0.2 9.7± 0.3 9.2 19–40 0.30–0.62
DH2 Dod 26.1± 7.8 96.8± 0.5 7.1± 0.2 59.2± 1.9 56.8 91–210 0.23–0.54
DH3 Dod 30.4± 9.1 96.5± 0.5 6.1± 0.2 63.6± 2.0 61.2 100–210 0.22–0.51
HH1 Hch 34.1± 10.2 101± 0.5 2.6± 0.2 11.5± 0.4 11.5 27–45 0.34–0.57
HH2 Hch 40.0± 12.0 95.4± 0.5 2.9± 0.2 65.0± 2.1 64.9 210–270 0.46–0.61
CH1 Cdd 38.7± 11.6 95.6± 0.5 6.8± 0.2 8.5± 0.3 8.5 56–91 0.98–1.6
CH2 Cdd 37.7± 11.3 93.4± 0.5 7.9± 0.2 61.0± 2.0 58.6 320–400 0.80–1.0

a The first letter of each experiment identifier refers to the alkane, and the second letter refers to high- (H) or low- (L) NOx conditions.
b One standard deviation is reported, as measured by the instrument manufacturer.
c The range of values listed correspond to the two limiting assumptions for suspended vapor-deposited particle gas-particle partitioning. The
smaller and larger values correspond to the upper and lower partitioning limits, respectively.

During the experiments with ⇠ 10 ppbv initial alkane, SOA
growth did not begin immediately, and the suspended par-
ticle number-size distribution peak diameter remained be-
low 200 nm for most of the experiment. The temporal trend
of suspended particle number-size distribution peak diame-
ter for the high-NOx cyclododecane experiments is shown
in Fig. S1. In the Caltech chambers, particle wall-loss rate
constants are lowest for 200–300 nm particles (Fig. S1, right
panel). Typical seed particle number-size distribution peak
diameters are 40–60 nm. Because particle growth is slower
in ⇠ 10 ppbv initial alkane experiments and particles remain
at a smaller diameter for longer times, more particles are lost
to the wall before and during SOA growth in ⇠ 10 ppbv ini-
tial alkane experiments than in those with 60–80 ppbv initial
alkane, owing to the size-dependence of particle wall loss.
Therefore, a large difference between lower and upper limit
yields is observed for the ⇠ 10 ppbv initial alkane experi-
ments. The difference between upper and lower limit yields
for dodecane and 2-methylundecane is similar for all 1HC.
Less overall SOA growth is observed for dodecane and 2-
methylundecane; as a result, less difference is observed be-
tween the lower and upper limit yields.
SOA yields from cyclododecane were close to or greater

than 1 depending on the wall-loss correction method used.
SOA yields can be > 1 if most of the functionalized oxi-
dation products generated from a non-functionalized parent
hydrocarbon condense to form SOA. SOA yields > 1 have
been observed previously from longifolene photooxidation
under high-NOx conditions (Ng et al., 2007a). To determine
if the SOA mass produced violated mass conservation, an es-
timation of maximum potential SOA mass concentration was
calculated assuming that all oxidation products formed from
the reacted cyclododecane condensed. For the estimation,
the average SOA molecular weight was calculated from the
oxygen-to-carbon (O : C), hydrogen-to-carbon (H : C), and
nitrogen-to-carbon (N : C) ratios measured by the AMS, as-

suming that condensed species retain 12 carbon atoms. Note
that ions NO+ and NO+

2 are included in these calculations
and will be discussed further in Sect. 3.4. To calculate the
maximum potential SOA mass concentration, the molar con-
centration of cyclododecane reacted is multiplied by the aver-
age SOA molecular weight. This SOA mass concentration is
then compared to the observed SOA mass concentration. For
experiment CH1 (cyclododecane), the maximum potential
SOA formed was 84 µgm�3, which is greater than the lower
wall-loss limit 1Mo but less than the upper wall-loss limit
1Mo. For experiment CH2 (cyclododecane), the maximum
potential SOA formed was 519 µgm�3, which is greater than
both the lower and upper bound limit1Mo. All observed cy-
clododecane yields except for the upper wall-loss limit yield
for CH1 do not violate mass conservation. It is likely that
uncertainties in deposited particle growth rates calculated in
the upper limit wall-loss correction method (see Appendix A)
cause the upper limit yield for CH1 to be overestimated.
Previous studies exist of SOA yields under high-NOx con-

ditions for dodecane, 2-methylundecane, and cyclododecane.
Lim and Ziemann (2009b) measured SOA yields for all
three compounds with initial alkane mixing ratios of ap-
proximately 1 ppmv, of which 76–83% was oxidized at the
point at which yields were calculated. In the present work,
yields were calculated for lower initial alkane mixing ra-
tios with a larger fraction of the initial alkane reacted. Be-
cause higher initial alkane mixing ratio and lower extent
of alkane reacted have opposite effects on SOA yield that
are difficult to decouple, comparison of absolute measure-
ments between Lim and Ziemann (2009b) and the present
work are not instructive. Presto et al. (2010) reported SOA
yields for dodecane oxidation for 19.1 and 57.8 ppbv initial
alkane, and Tkacik et al. (2012) reported SOA yields from
2-methylundecane oxidation for a low alkane mixing ratio
(initial alkane mixing ratios were not specified). Both stud-
ies parameterized yields using the volatility basis set (VBS)

Atmos. Chem. Phys., 14, 1423–1439, 2014 www.atmos-chem-phys.net/14/1423/2014/



C. L. Loza et al.: Alkanes SOA yield 1429

0.8

0.6

0.4

0.2

0.0

Yi
el

d

1
2 4 6 8

10
2 4 6 8

100
2

∆Mo (µg m-3)

Dod: DH1 DH2 DH3
Mud: MH1 MH2

Presto et al. (2010) 
Tkacik et al. (2012)

Fig. 3. Comparison of SOA yields as a function of organic aerosol
mass concentration, 1Mo, observed in the present study with those
reported in previous studies. For the present study, final yields (after
95–100% alkane reacted) are denoted by the black markers.

for 1Mo < 50 µgm�3. A comparison of the present work to
these studies is shown in Fig. 3. Both Presto et al. (2010)
and Tkacik et al. (2012) report the upper limit to particle
wall losses. For comparison to these previous studies, the
upper limit to particle wall losses and a unit SOA density
were used to calculate yields for experiments DH1, DH2,
DH3, MH1, and MH2 shown in Fig. 3. The dodecane VBS
parameterization presented by Presto et al. (2010) matches
the higher final 1Mo dodecane experiments, DH2 and DH3,
for 1Mo < 50 µgm�3; however, it does not match the lower
final 1Mo dodecane experiment, DH1. This discrepancy
can be attributed to different OH exposure. Presto et al.
(2010) achieved an OH exposure of approximately 1.2⇥
107 moleccm�3 h and did not react all of the parent alkane,
whereas OH exposure in the present experiments was ap-
proximately 7⇥ 107 moleccm�3 h and at > 95% of the par-
ent alkane reacted. Similar results are observed when com-
paring 2-methylundecane yields from Tkacik et al. (2012)
with those in the present study. The OH exposure achieved
in Tkacik et al. (2012), 6⇥ 106 moleccm�3 h, was also lower
than that achieved in the present work.

3.2 Low-NOx SOA yield measurements

Conditions for low-NOx experiments are presented in Ta-
ble 3. 1Mo and SOA yield measurements are reported af-
ter 30–36 h irradiation, corresponding to OH exposures of
(6–12)⇥107 moleccm�3 h, for which at least 95% of the
initial alkane reacted. Figure 2b shows the SOA yield af-
ter 30–36 h irradiation, and, as for the high-NOx data, the
top and bottom of each line correspond to the upper and
lower limits to the particle wall-loss correction, respectively.
The highest yields are observed for cyclododecane, followed
by hexylcyclohexane, with the yields for dodecane and 2-
methylundecane being similar. The ordering of hexylcyclo-
hexane, dodecane, and 2-methylundecane yields is different

from that observed under high-NOx conditions and will be
discussed further in Sect. 3.4. As with the high-NOx yields,
there are no compound-specific trends for SOA yield with
initial alkane concentration.
SOA yields under low-NOx conditions have not been re-

ported previously for the compounds studied here. SOA
yields under low-NOx conditions have been reported for
n-decane and n-pentadecane in a Potential Aerosol Mass
flow reactor (Lambe et al., 2012). Lambe et al. (2012) re-
ported maximum yields of 0.39 and 0.69 at OH exposures
of 1.4⇥ 108 and 9.7⇥ 107 moleccm�3 h and SOA concen-
trations of 231 and 100 µgm�3 for decane and pentadecane,
respectively. The dodecane SOA yield is expected to lie be-
tween those for longer and shorter chain alkanes; however,
the dodecane SOA yields measured in the present study (Ta-
ble 3) are less than that measured for 231 µgm�3 decane,
a much larger initial concentration than those used in the
present experiments, by Lambe et al. (2012) at similar OH
exposure. Lambe et al. (2012) note that the maximum SOA
yield for pentadecane at 16 µgm�3 is 0.21, which is in much
better agreement with the dodecane SOA concentrations and
SOA yields in the present study.

3.3 SOA growth parameterization

In Fig. 3, it is interesting to note that different SOA yields
are observed from the same alkane and 1Mo for different
initial alkane mixing ratios (e.g., at 1Mo = 10 µgm�3, the
yield from 9 ppbv dodecane, DH1, is 0.27, whereas the yield
from 57–61 ppbv dodecane, DH2 and DH3, is 0.06). This
trend is observed for all four compounds under both high-
and low-NOx conditions and suggests that there may be an
alternative to parameterizing yields for these alkanes in terms
of 1Mo (i.e., assuming quasi-equilibrium growth).
Shiraiwa et al. (2013) predicted that the behavior of the

particle size distribution during low-NOx dodecane photoox-
idation is consistent with kinetically limited, rather than
quasi-equilibrium, growth. Other ambient and laboratory
studies also suggest that SOA growth can be kinetically lim-
ited (Riipinen et al., 2011; Perraud et al., 2012). For kineti-
cally limited SOA growth, SOA yield should be a function of
total particle surface area; however, for the same alkane and
NOx conditions and a given particle surface area, different
SOA yields were observed, similar to the results presented
in Fig. 3. Instead, SOA yields were parameterized by num-
ber of semivolatile organic compound (SVOC)-particle colli-
sions. Total SVOC concentration was simulated for the case
of dodecane low-NOx photooxidation using a kinetic multi-
layer model of gas-particle interactions (KM-GAP) (Shi-
raiwa et al., 2012; Shiraiwa and Seinfeld, 2012; Shiraiwa
et al., 2013). KM-GAP explicitly resolves mass transport and
chemical reactions in the gas and particle phases. The cumu-
lative number of SVOC-particle collisions per unit chamber
volume, Csum, was calculated from the SVOC concentration
and total particle surface area. Details of these calculations
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Table 3. Low-NOx experimental details.

Expt.a Alkane Seed vol. HCo 1HC 1Mb
o Yieldb

(µm3 cm�3) (ppbv) (ppbv) (µgm�3) (frac.)

ML1 Mud 21.8± 6.5 8.5± 0.3 8.4 7.9–15 0.14–0.27
ML2c Mud 16.7± 5.0 28.9± 0.9 28.1 28–58 0.15–0.31
ML3 Mud 15.9± 4.8 40.2± 1.3 38.1 49–86 0.19–0.33
DL1 Dod 16.7± 5.0 8.2± 0.3 7.9 1.8–4.2 0.033–0.078
DL2c Dod 12.1± 3.6 34.0± 1.1 33.6 35–65 0.15–0.28
HL1c Hch 11.2± 3.4 15.6± 0.5 15.5 33–70 0.30–0.65
HL2 Hch 20.0± 6.0 41.3± 1.3 40.8 99–120 0.35–0.44
CL1 Cdd 18.9± 5.7 3.5± 0.1 3.4 4.9–11 0.22–0.46
CL2c Cdd 15.3± 4.6 10.4± 0.3 10.3 30–62 0.42–0.86
CL3 Cdd 21.5± 6.5 46.6± 1.5 45.1 200–230 0.61–0.73

a The first letter of each experiment identifier refers to the alkane, and the second letter refers to high- (H) or low-
(L) NOx conditions.
b The range of values listed corresponds to the two limiting assumptions for suspended vapor-deposited particle
gas-particle partitioning. The smaller and larger values correspond to the upper and lower partitioning limits,
respectively.
c Due to chamber volume limitations, these experiments were run in two parts. The initial conditions for the two
separate experiments are listed Table S2.
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Fig. 4. SOA yield (upper limit) as a function of estimated cumu-
lative SVOC-particle collisions per unit chamber volume for low-
NOx dodecane photooxidation experiments.

are given in Appendix C. Figure 4 shows yield as a function
of Csum for the dodecane low-NOx photooxidation system.
Calculations were made with a time resolution of 3min, but
hourly averaged data are displayed. The SOA yields from
both experiments trend similarly with Csum. This result in-
dicates that analysis of chamber experiments for any SOA
system with kinetic-flux modeling is instructive and provides
an alternative to parameterizing SOA yields as a function of
1Mo.

3.4 Aerosol chemical composition

Organonitrates have been identified previously as products
from alkane high-NOx photooxidation and are expected to be
present in the particle phase (Lim and Ziemann, 2005). The
AMS can detect organic nitrates as NO+ and NO+

2 , but in-
organic nitrates also contribute signal to these ions (Farmer
et al., 2010). During the high-NOx experiments, NO+ and
NO+

2 trend with organic growth measured by the AMS. Dur-

ing this time, nitric acid is also formed from reaction of NO2
with OH and can partition to particles and interact with the
ammonium sulfate seed. The ratio of NO+ : NO+

2 observed
during photooxidation experiments is higher than that from
AMS ionization efficiency calibrations, in which ammonium
nitrate is atomized into the AMS, indicating that the NO+

and NO+
2 signals are not likely from inorganic nitrates. Be-

cause there is evidence that the signals for NO+ and NO+
2

likely come from organonitrates in the present experiments,
these ions are included when calculating the total organic
mass from AMS data. According to a proposed decompo-
sition pathway for organonitrates (Francisco and Krylowski,
2005; Farmer et al., 2010), the oxygens in NO+ and NO+

2 are
not bound directly to a carbon atom. Therefore, the ion sig-
nals at NO+ and NO+

2 were not included in elemental ratios
used to calculate average carbon oxidation state.
Average carbon oxidation state, OSC, (Kroll et al., 2011)

was calculated from AMS measurements for comparison
of the alkane systems. SOA OSC from each parent alkane
showed similar trends with respect to initial alkane mixing
ratio, NOx conditions, and OH exposure; therefore, data only
for cyclododecane are shown in Fig. 5. Under both high-
and low-NOx conditions, SOA formed from a lower initial
cyclododecane mixing ratio was characterized by a higher
OSC. This trend has been observed in other systems (Shilling
et al., 2009) and is expected because a higher initial alkane
mixing ratio increases the mixing ratios of semivolatile
products, which have lower OSC than low volatility prod-
ucts, in both the gas and particle phases. Under low-NOx
conditions, SOA OSC decreases for OH exposures of 0–
2⇥ 107 moleccm�3 h and then gradually increases with in-
creasing OH exposure. Other studies have reported similar
trends for O : C formed under low-NOx conditions (Lambe
et al., 2012; Loza et al., 2012). This trend is attributed to
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Fig. 5. SOA average carbon oxidation state as a function of OH
exposure for high- and low-NOx cyclododecane photooxidation.

initial condensation of a small amount of low-volatility ox-
idation products followed by condensation of semivolatile
products as the SOA mass increases, and then condensa-
tion of more low-volatility products as gas-phase oxidation
progresses. Under low-NOx conditions, over 95% of the
aerosol mass measured by the AMS in the present experi-
ments comes from ions with chemical formulae of CxH+

y ,
CxHyO+, and CxHyO+

2 . Note that for both NOx conditions,
the ions O+, HO+ and H2O+ are included in the mass frac-
tion of CxHyO+

2 ions because these concentrations of these
ions are calculated from that of CO+

2 . Initially, the contri-
butions of ions with formula CxH+

y are approximately equal
to the sum of those with formulae CxHyO+ and CxHyO+

2 ,
but as OH exposure increases to 2⇥ 107 moleccm�3 h, the
contributions from ions with formula CxH+

y begin to dom-
inate, presumably as more semivolatile species condense.
At OH exposures above 2⇥ 107 moleccm�3 h, contributions
from ions with formulae CxHyO+ and CxHyO+

2 increase and
those with formula CxH+

y decrease but still comprise a ma-
jority of the organic mass. For low-NOx alkane photooxi-
dation, it has been suggested that peroxyhemiacetal forma-
tion triggers initial SOA growth (Yee et al., 2012, 2013;
Shiraiwa et al., 2013). The hydroperoxides thought to con-
tribute to initial peroxyhemiacetal formation, such as the car-
bonyl hydroperoxide, have multiple functional groups, which
could explain the initial, higher OSC values. As the particles
grow, other, less functionalized oxidation products can also
condense, decreasing OSC. As oxidation continued, multi-
ple generations of gas-phase oxidation products, such as hy-
droxy carbonyl hydroperoxides and dicarbonyl hydroperox-
ides, were observed in dodecane photoxidation and proposed
for cyclododecane photoxidation and also could partition to
particles, increasing OSC. Although the proposed SOA prod-
ucts have multiple oxygen moities, much of the carbon chain
is not functionalized, and CxH+

y fragments are expected to
dominate the mass spectrum.
Under high-NOx conditions, an initial decrease in OSC

was not prominent, and the increase in OSC as OH expo-

sure increased was less when compared to that under low-
NOx conditions. When comparing high- and low-NOx exper-
iments with similar initial cyclododecane mixing ratio (CL2
with CH1 or CL3 with CH2), SOA formed under high-NOx
conditions has a higher OSC during SOA growth but similar
OSC after all cyclododecane reacted. These trends indicate
that less OH exposure is required to form low-volatility prod-
ucts under high-NOx conditions than under low-NOx condi-
tions. A similar trend was observed by Presto et al. (2009),
who used a thermodenuder to measure the volatility of hep-
tadecane SOA formed under high- and low-NOx conditions.
The estimated vapor pressures of many of the condensible
species produced under high- and low-NOx dodecane pho-
tooxidation are similar (Jordan et al., 2008; Yee et al., 2012),
but the experimental conditions control the rate at which
these compounds are formed.
Alkane oxidation by OH generates RO2, which can re-

act with NO, HO2, or another RO2. RO2 can also react
with NO2, but the peroxynitrates formed quickly decom-
pose back to RO2 and NO2; this pathway will not be con-
sidered here. In the present experiments, RO2 reacted pri-
marily with HO2 under low-NOx conditions and with NO
under high-NOx conditions. NO mixing ratio was measured
directly and varied from 2–100 ppbv, and HO2 concentra-
tion was estimated from a photochemical model as approx-
imately 1⇥ 1010 cm�3 (Yee et al., 2012). Using RO2 reac-
tion rate constants from the Master Chemical Mechanism
3.2 (http://mcm.leeds.ac.uk/MCM; Jenkin et al., 2003; Saun-
ders et al., 2003), the lifetimes of RO2 reaction with NO and
HO2 are estimated as 0.04–2 and 4 s, respectively. Shorter
RO2 lifetimes under high-NOx conditions will allow low-
volatility products to form at lower OH exposures.

3.5 Effect of gas-phase fragmentation reactions on SOA
yield

For a number of SOA systems, SOA yields are higher un-
der low-NOx conditions than under high-NOx conditions
(e.g., Song et al., 2005; Ng et al., 2007a; Eddingsaas et al.,
2012). A likely explanation is that alkoxy radicals (RO) pro-
duced from the reaction of alkyl peroxy radicals (RO2) and
NO undergo fragmentation to form higher volatility species,
whereas hydroperoxides produced from the reaction of RO2
and HO2 do not. With less fragmentation under low-NOx
conditions, the carbon chain is preserved, resulting in higher
yields when compared with those observed for high-NOx
conditions. For linear alkanes with > 6 carbons, isomeriza-
tion of RO is favored over fragmentation reactions or re-
action with O2, preserving the carbon chain and producing
compounds of lower volatility than fragmentation products
(Lim and Ziemann, 2009a). As a result, yields under low-
and high-NOx conditions for these larger alkanes are similar,
as shown in Fig. 2.
Additional trends between alkane structure, bulk SOA

chemical composition, and SOA yield can be observed from

www.atmos-chem-phys.net/14/1423/2014/ Atmos. Chem. Phys., 14, 1423–1439, 2014



1432 C. L. Loza et al.: Alkanes SOA yield

0.20

0.15

0.10

0.05

0.00

M
as

s 
fra

ct
io

n

 1  2  3  4  5  6  7  8  9 10 11 12
Number of C atoms

0.6
0.5
0.4
0.3
0.2
0.1
0.0

M
ass fraction

 Tot.

0.12

0.08

0.04

0.00

M
as

s 
fra

ct
io

n

 1  2  3  4  5  6  7  8  9 10 11 12
Number of C atoms

0.4

0.3

0.2

0.1

0.0

M
ass fraction

 Tot.

 x 20

 x 20

a) Family CH

b) Family CHO1

Dod   Mud   Hch   Cdd

Fig. 6. Contribution of ions detected in the AMS to the bulk organic
mass concentration for high-NOx alkane photooxidation. Ions are
grouped into families according to the ion atomic composition and
displayed as a function of carbon atoms in the ion. Tot. is the sum
over all carbon atom numbers for each family. The data represent
a 30min average of the SOA formed after 95–100% of the initial
alkane had reacted. The data presented are from experiments DH2,
MH2, HH2, and CH2.

the AMS mass spectra. Ions can be grouped into “families”
according to their elemental composition. The mass spec-
tra are dominated by ions in family CH, ions with formula
CxH+

y , and family CHO1, ions with formula CxHyO+. Fig-
ures 6 and 7 show the contribution of ions in each family as
a function of the number of carbon atoms in each ion and
the total family contribution for a 30min averaged sample
obtained after 95–100% of the initial alkane mixing ratio re-
acted. Only data from experiments with higher alkane mixing
ratio (> 50 ppbv and > 25 ppbv for high- and low-NOx, re-
spectively) are shown; similar trends were observed in exper-
iments with lower initial alkane mixing ratios. In the present
study, an increase in yield is characterized by larger mass
fractions of ions containing nine or more carbon atoms for
both families CH and CHO1. Pearson’s correlation coeffi-
cients for each carbon number are given in Tables S4 and S5
for family CH and family CHO1, respectively. Under high-
NOx conditions, the total mass fractions of family CH ions
for cyclododecane and dodecane SOA are higher than those
for 2-methylundecane and hexylcylohexane SOA (Fig. 6a),
and the trend is reversed for ions in family CHO1 (Fig. 6b).
The same trend is not observed under low-NOx conditions;
although, compounds with a larger mass fraction of family
CH ions have smaller mass fractions of family CHO1 ions.
These trends provide insight into the significance of gas-
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Fig. 7. Contribution of ions detected in the AMS to the bulk organic
mass concentration for low-NOx alkane photooxidation. Ions are
grouped into families according to the ion atomic composition and
displayed as a function of carbon atoms in the ion. Tot. is the sum
over all carbon atom numbers for each family. The data represent
a 60min average of the SOA formed after 95–100% of the initial
alkane had reacted. The data presented are from experiments DL2,
ML2, HL2, and CL3.

phase fragmentation reactions under high- and low-NOx con-
ditions.
During photooxidation, the prevalence of branching in

a compound is expected to lead to increased fragmenta-
tion, requiring more functionalization to produce condensi-
ble species. Greater functionalization increases the oxygen
content of product molecules, thus it is reasonable that SOA
from branched compounds, 2-methylundecane and hexylcy-
clohexane, has a higher mass fraction of family CHO1 ions
than that from compounds with less branching, cyclodode-
cane and dodecane. These trends are not as apparent under
low-NOx conditions, suggesting that the fragmentation path-
way may not be as important under low-NOx conditions as
under high-NOx conditions. It should be noted that while
fragmentation occurs for cyclododecane oxidation products,
it results in ring-opening, which preserves the carbon back-
bone and does not produce a higher-volatility species. Hexyl-
cyclohexane is also a cyclic compound, and an alkoxy radical
on the ring ↵ to the branch point may result in ring-opening,
which preserves the carbon backbone; thus, fragmentation
of hexylcyclohexane will not always result in generation of
species with fewer carbon atoms than the parent molecule.
Gas-phase fragmentation products from high-NOx alkane

photooxidation were detected using the CIMS (Table S3).
The proposed products have been grouped into “families”
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by functionality: carboxylic acid (CnH2nO2), hydroxy car-
boxylic acid (CnH2nO3), carbonyl nitrate (CnH(2n�1)NO4),
or hydroxynitrate (CnH(2n+1)NO4), where n is the number
of carbon atoms in the proposed molecule. For the CIMS
ions presented here, the carbon chain is preserved as ion-
ization occurs, whereas heating and ionization in the AMS
tends to break the carbon chain, and the ions presented in
Figs. 6 and 7 could come from longer chain parent molecules.
Figure 8 shows the signal for each product, normalized by
1HC for a 30min averaged sample obtained after 95–100%
of the initial alkane mixing ratio reacted. The data are pre-
sented assuming that CIMS sensitivity is independent of n

for a given family and that sensitivity is the same for all iso-
mers (including cyclic and branched structures) for a given
n and family. Mixing ratio calibrations were not performed
for all species presented, and trends of ion signal with car-
bon number are not evaluated. Because the CIMS has unit
mass resolution and can detect ions produced as transfer
(m/z = [M+19]�) and cluster (m/z = [M+85]�) products,
the signals in Fig. 8b could come from an acid or a hydroper-
oxide. Under high-NOx conditions, hydroperoxide produc-
tion is not expected. For almost all products shown in Fig. 8,
signals in the cyclododecane experiment are lower than those
for the other three alkanes, suggesting that cyclododecane
oxidation products undergo little fragmentation, consistent
with trends obtained from AMS data. More fragmentation
of 2-methylundecane and hexylcyclohexane oxidation prod-
ucts is expected than for those of dodecane; however, the sig-
nal from fragmentation products for most families are simi-
lar for dodecane, 2-methylundecane, and hexylcyclohexane,
suggesting that some fragmentation also occurs during dode-
cane high-NOx photooxidation.
Gas-phase fragmentation reactions can also occur under

low-NOx conditions from hydroperoxide photolysis (Yee
et al., 2012, 2013). Photolysis of a hydroperoxide forms an
alkoxy radical, which can isomerize or decompose depend-
ing on the carbon backbone structure. For dodecane, hy-
droperoxide photolysis is expected to be a minor reaction
pathway compared with OH oxidation. The specific case of
photolysis of a hydroperoxy group adjacent to a carbonyl
produces an aldehyde, which has been shown to react with
hydroperoxides to form peroxyhemiacetals. Peroxyhemiac-
etal formation is proposed to initiate SOA growth in the
alkane low-NOx photooxidation system (Yee et al., 2012,
2013; Shiraiwa et al., 2013). In this case, fragmentation re-
actions depend more on the relative position of hydroperoxy
and carbonyl groups than the structure of the carbon back-
bone.
When comparing SOA yields between low- and high-NOx

conditions for each compound (Fig. 2), three dominant trends
are observed. (1) Under high-NOx conditions, SOA yields at
95-100 % of the initial hydrocarbon reacted (i.e., the yield
at the largest OH exposure for each experiment), for dode-
cane and cyclododecane are larger for lower initial alkane
mixing ratio. (2) For hexylcyclohexane and, more notice-

ably, 2-methylundecane, SOA yields under high-NOx con-
ditions are higher when the initial alkane mixing ratio is
higher. (3) SOA yields for dodecane and cyclododecane are
higher under high-NOx conditions than under low-NOx con-
ditions. Trends (1) and (2) arise from the role of fragmenta-
tion under high-NOx conditions. At higher initial alkane mix-
ing ratios, semivolatile species can condense preferentially
to particles, whereas, for lower initial alkane mixing ratios,
semivolatile species remain in the gas phase for further oxi-
dation. For linear or cyclic compounds, further oxidation de-
creases compound volatility, resulting in additional SOA for-
mation and higher SOA yields. However, for branched com-
pounds, further oxidation results in fragmentation, leading to
higher volatility species that do not condense to form addi-
tional SOA. At sufficiently high OH exposures, fragmenta-
tion will become important for all systems that form SOA
(Lambe et al., 2012), but those conditions were not reached
in the present experiments. Trend (3) results from differ-
ences in the extent of fragmentation under both NOx con-
ditions. Dodecane and 2-methylundecane have almost iden-
tical chemical structures, and one may expect these two com-
pounds to have similar SOA yields. Under low-NOx condi-
tions, the SOA yields for experiments ML2 and DL2 are 15–
31% (however, the SOA yield observed in ML1 is higher
than that observed in DL1), whereas under high-NOx con-
ditions, higher SOA yields are observed for dodecane than
for 2-methylundecane (see Tables 2 and 3). High-NOx SOA
yields are greater than low-NOx yields for unbranched com-
pounds, but high- and low-NOx SOA yields are similar for
branched compounds as a result of enhanced fragmentation
under high-NOx conditions.

4 Conclusions

In the present study SOA yields have been measured for lin-
ear, cyclic, and branched 12-carbon alkanes under high- and
low-NOx conditions in which 95–100% of the alkane re-
acted. The highest SOA yields were observed from cyclic
alkanes, and the presence of branch points decreased SOA
yield, primarily under high-NOx conditions where vapor-
phase fragmentation reactions were more likely to occur. Un-
certanties arise in the SOA yield measurements due to parti-
cle and vapor wall losses and result in a factor of 2–3 dif-
ference between upper and lower limits to SOA yield. Re-
cently, Gentner et al. (2012) assessed SOA formation from
diesel and gasoline vehicles and noted that SOA yields for
cyclic alkanes with five- and six-membered rings, which
comprise 37% of diesel and 11% of gasoline, were not
well-characterized. This study presents data for one such
compound, hexylcyclohexane. Hexylcyclohexane SOA yield
was similar to that of dodecane under high-NOx condi-
tions and greater than dodecane under low-NOx conditions.
Lim and Ziemann (2009b) measured SOA yields for two
other branched-cyclic compounds, n-butylcyclohexane and
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Fig. 8. Comparison of gas-phase fragmentation reaction products from high-NOx alkane photooxidation measured by the CIMS. The signal
is normalized by the mixing ratio of alkane reacted. All molecular formulae are proposed assignments. The data represent a 30min average
of gas-phase species after 95–100% of the initial alkane had reacted. The ions monitored and their proposed chemical assignments are given
in Table S3. The data presented are from experiments DH3, MH2, HH2, and CH2.

n-decylcyclohexane, under high-NOx conditions but with
initial alkane mixing ratios much higher than ambient mix-
ing ratios, approximately 1 ppmv. The authors found that
the SOA yield for butylcyclohexane was higher than that
for decane, but the yield for decylcyclohexane was less than
that for hexadecane. Further characterization of yields from
branched-cyclic compounds is necessary to better identify
trends and provide more data for models.
Although alkanes are emitted primarily in urban areas un-

der high-NOx oxidizing conditions, their relatively slow OH
reaction rates allow for transport to rural areas with lower
NOx conditions. SOA yields measured in the present study
are higher or the same under high-NOx conditions in com-
parison to those measured for low-NOx conditions. There-
fore, alkanes exhibit the largest SOA formation potential in
urban areas close to their sources.

Appendix A

Particle wall-loss calculations

Pierce et al. (2008) developed the Aerosol Parameter Estima-
tion model to determine the time variance of particle wall-
loss rates during an environmental chamber experiment. We
have adapted this model to calculate the mass growth rate of
suspended particles throughout an experiment. These mass
growth rates are then applied to deposited particles to calcu-
late lower and upper limit wall-loss corrections.
The model utilized in the current work is based on the

aerosol General Dynamic Equation (Seinfeld and Pandis,

2006):
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where ns
�
Dp, t

�
(cm�3 cm�1) is the suspended particle

number-size distribution, Dp (cm) is particle diameter, t (s)
is time, and coag, cond, and wl represent the change in sus-
pended particle size-number distribution due to coagulation,
condensation, and particle-phase wall loss, respectively.
The change in the suspended particle number-size distri-

bution due to coagulation is described by
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where K
�
Dp1,Dp2

�
(cm3 s�1) is the coagulation coefficient

for collisions of particles with diameters Dp1 and Dp2 (Sein-
feld and Pandis, 2006). The DMAmeasures particle number-
size distributions using discrete size bins, and the coagu-
lation coefficient must also be discretized to be applied to
these data. The change in suspended particle number-size
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distribution due to coagulation becomes
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where fc
�
Dpi ,Dpj

�
expresses whether the collision of a par-

ticle in size bin i with a particle in size bin j produces a par-
ticle in size bin k, bounded by diameters Dpk� and Dpk+:
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Particles are not allowed to form outside of the measured size
range (Verheggen and Mozurkewich, 2006).
The change in suspended particle number-size distribution

due to condensation is described by
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where I
�
Dp, t

�
(cms�1) is the rate of change of particle di-

ameter as a result of condensation. Assuming spherical par-
ticles with a density ⇢p (gcm�3) that is not a strong function
of time,
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where Ji (gs�1) is the mass flux of species i to the particle.
Ji is defined as

Ji = 2⇡DpDiMi
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, (A8)

where Di (cm2 s�1) is the diffusion coefficient for species i

in air, Mi (gmol�1) is the molecular weight of species i, R
(gcm2 s�2mol�1K�1) is the gas constant, T (K) is tempera-
ture, f (Kn,↵i ) is a correction factor for non-continuum ef-
fects and surface accommodation effects, p1,i (gcm�1 s�2)
is the vapor pressure of species i in far from the particle, and
ps,i (gcm�1 s�2) is the partial pressure of species i at the
surface of the particle. Substituting Eqs. (A7) and (A8) into
Eq. (A6) yields
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Here we are assuming that ⇢p is constant with respect to Dp
at a given time t . If many size bins are used to describe the
particle number-size distribution, then ⇢p is likely constant
over a small range of Dp, and the magnitude of the error that
this assumption produces is reduced. Following Pierce et al.
(2008), the unknown parameters in Eq. (A9) can be com-
bined into a single factor, Fc (cm2 s�1), defined as

Fc = 4
RT⇢p
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�
. (A10)

Substituting Fc into Eq. (A9) and differentiating gives the
final form for the change in suspended number-size distribu-
tion due to condensation:
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The model varies Fc to produce a number-size distribution
that best fits the observed number distribution.
The change in suspend particle number-size distribution

due to particle wall deposition is assumed to follow first-
order kinetics with particle size-dependent rate constants,
�
�
Dp
�
(s�1):
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A theoretical determination of � is described in Crump and
Seinfeld (1981) and McMurry and Rader (1985); however,
parameters needed to calculate � values are difficult to quan-
tify from theory alone for environmental chambers. Instead,
� values can be determined from calibration experiments
(Keywood et al., 2004; Ng et al., 2007b; Loza et al., 2012) or
can be specified as unknowns in an aerosol general dynamic
model (Pierce et al., 2008). The present model employs the
former parameterization of � values. � values for AS par-
ticles are measured during calibration experiments in which
wall deposition is the dominant process affecting the num-
ber distribution. Particles containing organics are assumed to
behave the same as pure AS particles.
To implement the model, the General Dynamic Equation

is solved numerically between each time step for a given ex-
perimental data set. First the General Dynamic Equation is
discretized into diameter size bins corresponding to those of
the measured number-size distribution. Then the model is ini-
tialized with a measured number-size distribution at time step
t and a guess for the parameter Fc. The model is solved using
a Dormand Price pair 4th and 5th order Runge–Kutta method
to produce a number-size distribution at time step t + 1. The
fit of the predicted to the observed number-size distributions
at time step t + 1 is quantified using various diameter mo-
ments. The ith diameter moment is calculated as follows
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where k is the size bin and Ns (cm�3) is the suspended parti-
cle number concentration. The best fit of the predicted to the
observed number distribution is that which minimizes �2:

�2 =
9X

a=1

✓
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◆2
, (A14)

where i(a) is the set of diameter moments
[�1,�0.5,0,0.5,1,1.5,2,2.5,3] and moment subscripts p
and o are predicted and observed, respectively.
Once values for Fc have been estimated, they can be used

in wall-loss corrections to parametrize the growth of parti-
cles lost to the chamber walls. The change in the deposited
particle number-size distribution also is governed by the the
aerosol General Dynamic Equation, but only wall loss and
condensation process affect the number-size distribution:
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where nw
�
Dp, t

�
(cm�3) is the deposited particle number-

size distribution, and ! is a factor that describes the extent of
condensation to deposited particles. ! has a value between
0 (no condensation to deposited particles) and 1 (condensa-
tion to deposited particles is the same as that to suspended
particles). ! values of 0 and 1 correspond to the lower and
upper limits of particle wall-loss corrections, respectively.
The aerosol General Dynamic Equations for suspended and
deposited particles are solved simultaneously between each
time step using the previously determined value for Fc at that
time step and a constant value for !. In the current work,
wall-loss corrections were calculated with ! = 0 and ! = 1
to evaluate the limits of condensation behavior to deposited
particles.

Appendix B

Effect of vapor wall losses on SOA yields

Condensible species can partition to suspended particles, de-
posited particles, and the chamber walls. The SOA yields
reported here account for the first two processes, but va-
por wall losses are not considered. If vapors are lost to the
wall instead of forming SOA, then SOA yield will be under-
estimated. Matsunaga and Ziemann (2010) observed vapor
wall losses for alkanes, ketones, and alcohols that are rele-
vant to compounds formed in the present systems. The ex-
tent of vapor phase wall losses in both of the Caltech cham-
ber facilities was investigated using experiments in which
a known volume of dodecanone, dodecanol, or dodecane
was injected into a chamber filled with purified air. The sig-
nal for each species was monitored over a period of several

hours. Dodecane wall losses were not significant in either
chamber. In the 28m3 chamber used for low-NOx experi-
ments, 2-dodecanone wall losses followed first-order kinetics
with a rate constant of kw = 2.2⇥ 10�6 s�1 (⌧ = 5.3 days).
In the 24m3 chamber used for high-NOx experiments, 2-
dodecanol wall losses followed first-order kinetics with a rate
constant of kw = 1.5⇥ 10�6 s�1 (⌧ = 7.7 days). Matsunaga
and Ziemann (2010) observed 20% wall loss of 2-dodecanol
in 80min and 25% wall loss of 2-dodecanone in 25min,
which equate to first order wall-loss rate constants of kw =
3.4⇥ 10�4 s�1 (⌧ = 49min) and kw = 9.2⇥ 10�4 s�1 (⌧ =
18min) for 2-dodecanol and 2-dodecanone, respectively; af-
ter the initial decrease, the 2-dodecanone mixing ratio re-
mained constant for 400min, presumably after equilibrium
was achieved between the suspended vapors and those sorbed
to the walls. Equilibrium was not observed for either com-
pound in the Caltech chambers over a 22 h period, and it was
not possible to detect rapid initial losses in the Caltech cham-
bers as a result of the chamber setup and injection proce-
dures. The time required to inject measurable mixing ratios
of each compound into the chamber was at least 25min, and
because there is no active mixing in the Caltech chambers,
it was necessary to wait an additional 20min after the end
of the injection for the chamber contents to mix. Rapid va-
por wall losses occurring during this time period are difficult
to distinguish from changes in compound mixing ratio due
to injection and mixing. Finally, alkane photooxidation gen-
erates a variety of products with multiple functionalization;
however, only singly-functionalized compounds were tested
for wall loss. Matsunaga and Ziemann (2010) showed that
vapor wall loss is a function of compound vapor pressure
and structure; therefore, it is difficult to extrapolate wall-loss
rates of 2-dodecanol and 2-dodecanone to all compounds
formed from alkane photooxidation. In an attempt to quan-
tify vapor wall losses, Shiraiwa et al. (2013) assumed va-
por wall losses follow pseudo-first order kinetics and varied
vapor wall-loss rate constants of SVOCs generated in KM-
GAP simulations of dodecane low-NOx photooxidation. Us-
ing kw = 9.6⇥10�6 s�1, the highest value considered, led to
a decrease of the SOA mass concentration by approximately
30%. As a result, SOA yield would increase by 30%. The
combined uncertainties of vapor and particle phase wall-loss
result in a factor of 2–3 difference between the upper and
lower limits to SOA yields in each system.

Appendix C

SVOC-particle collision calculations

In KM-GAP, the collision flux of SVOC at the particle sur-
face, JA (moleccm�3 s�1), is

JA = 1
4
cAcA, (C1)
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where cA is the SVOC concentration (moleccm�3) and cA
is the mean molecular speed of SVOC (cms�1). JA can be
calculated for discrete time points, i, in an experiment cor-
responding to particle surface area measurements. The fol-
lowing summation is used to calculate cumulative number
of SVOC-particle collisions per unit chamber volume, Csum
(cm�3),

Csum =
nX

i=1
JA,iSi1ti , (C2)

where n is the total number of data points, Si is the particle
surface area (cm2 cm�3), and 1ti is the time between data
points i and i+1 (s). Here the upper limit wall-loss corrected
surface area concentration is used to correspond to the model,
which does not simulate particle wall losses.

Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
1423/2014/acp-14-1423-2014-supplement.pdf.
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