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Abstract 18	
 19	

Multiphase chemical reactions (gas+solid/liquid) involve a complex interplay between 20	

bulk and interface chemistry, diffusion, evaporation, and condensation.  Reactions of 21	

atmospheric aerosols are an important example of this type of chemistry: the rich array of 22	

particle phase states and multiphase transformation pathways produce diverse but poorly 23	

understood interactions between chemistry and transport. Their chemistry is of intrinsic 24	

interest because of their role in controlling climate. Their characteristics also make them 25	

useful models for study of principles of reactivity of condensed materials under confined 26	

conditions. In previous work, we have reported a computational study of the oxidation 27	

chemistry of a liquid aliphatic aerosol. In this study, we extend the calculations to 28	

investigate nearly the same reactions at a semisolid gas-aerosol interface. A reaction-29	

diffusion model for heterogeneous oxidation of triacontane by hydroxyl radicals (OH) is 30	

described, and its predictions are compared to measurements of aerosol size and 31	

composition, which evolve continuously during oxidation. These results are also 32	
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explicitly compared to those obtained for the corresponding liquid system, squalane, to 33	

pinpoint salient elements controlling reactivity. The diffusive confinement of the free 34	

radical intermediates at the interface results in enhanced importance of a few specific 35	

chemical processes such as the involvement of aldehydes in fragmentation and 36	

evaporation, and a significant role of radical-radical reactions in product formation. The 37	

simulations show that under typical laboratory conditions semisolid aerosols have highly 38	

oxidized nanometer-scale interfaces that encapsulate an unreacted core and may confer 39	

distinct optical properties and enhanced hygroscopicity. This highly oxidized layer 40	

dynamically evolves with reaction, which we propose to result in plasticization. The 41	

validated model is used to predict chemistry under atmospheric conditions, where the OH 42	

radical concentration is much lower. The oxidation reactions are more strongly 43	

influenced by diffusion in the particle, resulting in a more liquid-like character.44	
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I. Introduction 45	

 46	
Although submicron-scale organic atmospheric aerosol are immensely complex 47	

chemical mixtures, in-depth investigations of the chemistry of single-component systems 48	

under well-controlled conditions as models provide important insights to how aerosol 49	

particles transform in their natural environment. Studies that couple experiments with 50	

detailed kinetics models are particularly valuable since the resulting predictive 51	

description can both elucidate the reaction-diffusion mechanisms involved and inform 52	

comprehensive climate models. There is an important body of work directed toward this 53	

end, with particular emphasis on finding useful descriptions of transport for reacting 54	

aerosol systems. The fundamental questions being addressed concern how the aerosol 55	

phase state influences gas-particle partitioning and how motion of reactants and products 56	

within the aerosol particle influence the particle properties and any chemical reactions 57	

that take place. This has required innovation in computational methods, progressing from 58	

simple1-4 to detailed5, 6 descriptions of coupled reaction-diffusion processes. Because of 59	

the focus on transport, the resulting chemical reactions are treated in less detail and 60	

describe mainly the first reaction generation, for example addition of one oxygen 61	

functionality to the organic component of the aerosol.1-3, 5 Incorporation of 62	

multigenerational descriptions of the chemistry relevant to greater extents of reaction is a 63	

complex process, particularly when extended free radical chain reactions are involved. 64	

Successful approaches include some degree of lumping of related chemistries7, 8 and 65	

treatment of reacting molecules as systems of functionalities rather than distinct species.9 66	

The core challenge to incorporation of chemistry in full is the paucity of validated 67	

measurements of detailed interfacial and condensed phase free radical kinetics for the full 68	



4	
	

scope of compounds typically present in aerosol. Rate coefficients for reaction, 69	

adsorption, and transport can be discovered by global fits of large data sets using a 70	

representative reaction scheme, 10, 11 or estimated using theory or quantitative comparison 71	

to experiment for cases where most but not all of the coefficients have been measured 72	

and validated in separate studies.6, 9 Incorporation of known microscopic rate coefficients 73	

is crucial when the aim of the work is to find fully predictive models for use in new 74	

systems as well as gain new understanding of the specific system under study. 75	

Single component aerosol chemistry has deeper intrinsic interest, however. 76	

Because aerosol particles are objects with well-defined properties, their study can reveal 77	

general concepts of reactivity characteristic of nanoscale environments. Recent studies 78	

have shown that chemistry in confined spaces such as droplets, emulsions, and micelles12-79	

18 can differ in important ways from chemistry in a semi-infinite bulk environment 80	

because the interfaces between an external condensed phase and the reacting system 81	

influence the local organization of the molecules. Organic aerosol particles are an 82	

excellent system to explore these concepts: their surfaces are only in contact with the gas 83	

phase, which eliminates the possibility that another condensed system participates in the 84	

chemical reactions involved, and the aerosol composition and internal molecular mobility 85	

can be varied independently. Moreover the interface to a gas ensures free transfer of 86	

chemical species into and out of the reacting volume so that regimes of chemical and 87	

transport control of the reaction rates can be distinguished. This level of control over the 88	

properties of the reactive environment under study enables the factors that most strongly 89	

influence the chemical mechanism to be disentangled.   90	



5	
	

Organic aerosol reacting with OH, a model for atmospheric aging, is a chemical 91	

system particularly well suited to investigate these concepts. Oxidation continuously 92	

transforms organic aerosol over their 5-10 day lifetime after formation.19 These particles 93	

can have a range of viscosities spanning liquid to semi-solid,20-24 which influences the 94	

uptake and reaction rates of gas-phase oxidants such as OH radicals or O3,6, 25-27 95	

evaporation of small molecules from the aerosol surface,20, 22 and uptake of water as the 96	

aerosol becomes more hydrophilic.28 To investigate the influence of viscosity (mobility) 97	

on aerosol reactivity, we have used the oxidation of 30-carbon aliphatic alkane chains by 98	

OH as a class of model systems. OH-alkane chemistry involves extensive free radical 99	

chain reactions launched by abstraction of H from the molecules present in the particle.9, 100	

29 By constructing a detailed reaction-diffusion kinetics scheme and validating it using 101	

diverse data from experimental measurements on two different alkanes, we can identify 102	

mechanistic details that control reactivity in these systems and predict phenomena 103	

beyond the original observations with some confidence. Models in which the rate 104	

coefficients are determined as fitting parameters for an assumed scheme are less useful 105	

for this purpose. 106	

In a previous study, we have described a kinetics model for OH reacting with 107	

squalane, a liquid C30 molecule (squalane) that is well-mixed under the experimental 108	

conditions used.9 The particle was treated as a single volume, which has been shown to 109	

yield the same results as full reaction-diffusion6 and simplified the scheme considerably. 110	

A semi-detailed reaction scheme was introduced that treated the molecules and free 111	

radical intermediates as a collection of functional groups and carbon backbones rather 112	

than explicitly treating each possible species.9 This approach is similar to that used in a 113	
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previous model of gas phase free radical chemistry30, 31 and polymer dissolution 114	

simulations.32 The calculations identified key free radical reactions that lead to 115	

functionalization, fragmentation, and particle mass loss. The simulations successfully 116	

predicted the evolution of aerosol mass, volume, elemental composition, and carbon 117	

fragment distribution over ten oxidation lifetimes (i.e., when the average squalane 118	

molecule has been oxidized ten times by OH radicals). It was found that alkoxy radicals 119	

activated by adjacent oxygen functional groups33 are primarily responsible for generation 120	

of fragmentation products as the aerosol becomes progressively more oxidized. Their 121	

formation is an essential element influencing the reactivity in this liquid, well-mixed 122	

system.19, 34 123	

We have also examined OH uptake, which measures the consumption of reactants 124	

per OH-particle collision.6 The simulations showed that this process does not depend on 125	

the details of the free radical chemistry alone, but rather, it is an emergent process 126	

depending also on the aerosol size and on the internal mobility (viscosity) of the 127	

molecules in the aerosol relative to the OH reaction frequency. This result is general, 128	

indicating that reactivity is dependent on the details of gas-surface interactions in a more 129	

complex way than would be anticipated from studies of gas-liquid reactions.35, 36  130	

In the present work, we examine the influence of greatly reduced internal mobility 131	

while keeping the chemistry essentially the same. We model the reaction of OH with a 132	

semi-solid aerosol, triacontane, an isomer of squalane, using the semi-detailed kinetic 133	

scheme developed for squalane.9 The scheme has been extended to include more 134	

extensive oxidation, and full internal diffusion has been incorporated using the 135	

description presented previously in OH uptake kinetics simulations.6 The simulated mass 136	
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and elemental compositions of the triacontane aerosol particle as a function of OH 137	

exposure are in good agreement with previously published measurements.19, 29, 34, 37 The 138	

simulations reveal details about the radial distribution of heterogeneous oxidation 139	

products in a semisolid organic aerosol. Such inhomogeneities were proposed to explain 140	

results of an experimental study of brassidic acid oxidation,38 but their details are 141	

currently inaccessible by experiment. A quantitative description of them through detailed 142	

modeling provides important information for representing aerosols in atmospheric 143	

models. The simulations also provide new insights into how viscosity influences 144	

reactivity in the aliphatic hydrocarbon – OH system including the effect of diffusive 145	

confinement of the chemistry in the outer surface layers of the particle, the resulting 146	

dominance of specific branches of the chemistry, and how some branches suppress and 147	

others activate fragmentation.  148	

The paper is organized as follows. We describe how the reaction-diffusion model 149	

has been developed using previous work on squalane as a starting point. Extensive details 150	

are presented in the Electronic Supplementary Information (ESI†) section. Because of the 151	

lack of experimental or theoretical information on several mechanistic elements we have 152	

performed scenario calculations and compared them to experimental data to identify 153	

appropriate quantitative ranges. Finally, simulation results are presented and discussed in 154	

terms of their atmospheric chemistry implications and, taken together with the liquid 155	

squalane oxidation results, what they reveal about how viscosity controls reactivity under 156	

confined conditions. 157	

 158	

II. Model Development 159	
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A. Simulation Overview 160	

A reaction-diffusion kinetic model was developed using Kinetiscope.39 This open 161	

access software package (http://hinsberg.net/kinetiscope/) does not integrate coupled 162	

differential equations, but rather uses stochastic algorithms, originally developed by 163	

Bunker40 and Gillespie,41 to propagate a reaction. The method provides a solution to the 164	

master equation for a reaction-diffusion system. When used with elementary rate 165	

constants for individual chemical steps, these calculations produce an absolute time base 166	

and predictions that can be validated by direct comparison to experiment. This method 167	

has been significantly extended for modeling complex reaction-diffusion phenomena32, 42-168	

44 that would be difficult or nearly impossible to simulate using conventional integrators, 169	

e.g., stiff systems (i.e., simultaneous, very fast and very slow processes), processes that 170	

depend on sporadic events such as nucleation or explosions, or processes such as 171	

evaporation and density changes that dynamically alter volumes. As described in detail in 172	

those studies, the simulation methodology used in the present work for Type I (Fickian) 173	

and Type II (non-Fickian) diffusion has been rigorously validated and demonstrated to be 174	

fully predictive. The application of this approach to aerosol chemistry can be found in 175	

subsequent publications.6, 9  176	

Development of the core aliphatic organic oxidation mechanism9 was performed 177	

for squalane using a single compartment as the reaction volume. Because internal mixing 178	

was very fast compared to experiment this is a realistic representation. Extension to more 179	

viscous systems requires full inclusion of diffusion throughout the particle. The generic 180	

simulation framework used is summarized below and in Fig 1. A single aerosol particle is 181	

represented by a stack of Cartesian compartments.  The compartments are connected in a  182	
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 183	

Figure 1. Overview of the three main components used to simulate the heterogeneous 184	
oxidation of organic aerosol. (A) The spherical aerosol is treated as a stack of radial 185	
Cartesian compartments that can shrink or grow as material becomes more or less dense 186	
through chemical reactions or enters and leaves the compartment through diffusion, 187	
evaporation, or condensation. Fickian diffusion is allowed between each adjacent 188	
compartment as represented by the double-headed arrows. (B) In the top compartment, 189	
gas phase OH radicals adsorb, desorb or react with organic materials (RH) to eventually 190	
yield organic peroxy radicals (RO2). Volatile organic fragments formed from the free 191	
radical chemistry can evaporate. (C) The RO2 react with other RO2 radicals to form a 192	
ketone and an alcohol or two alkoxy (RO) radicals. The RO radicals can abstract a 193	
hydrogen, which forms an alcohol and promotes free radical cycling, or fragment via β 194	
scission to form more volatile, lower molecular mass products. 195	

 196	

continuous radial core through the aerosol extending from the center of the particle to its 197	

outer surface, as shown in Fig. 1A.  For example, to simulate an aerosol with a radius of 198	
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54.5 nm, we used a stack of 109 individual 13.17 × 13.17 nm compartments that are 0.5 199	

nm thick. Larger particle sizes are simulated by simply adding more compartments.  200	

Additional details can be found in the ESI Sec. S1†. 201	

 202	

The outermost compartment represents the gas-particle surface and contains 203	

additional multiphase pathways the exchange of material to and from the gas phase 204	

(uptake and evaporation) as shown in Fig. 1B.  The compartments beneath the surface 205	

represented the bulk regions of the aerosol. Species (i.e. molecules) move between 206	

compartments via diffusion pathways shown schematically as arrows in Fig. 1A. Because 207	

of the difference in geometry between the stack of compartments and the spherical 208	

aerosol, a correction is applied to the calculated concentrations resulting from the 209	

simulations by using an equivalent spherical shell to properly weight the contributions 210	

from each subvolume. This allows the simulation results to be compared directly to 211	

experiment. 212	

Within each compartment, elementary reaction steps describe the 213	

multigenerational reaction of OH with triacontane. Formulating a reaction scheme 214	

explicitly by specifying individual reaction steps for all possible isomers at each 215	

generation of oxidation would require delineating thousands of elementary reactions 216	

between thousands of individual products and intermediates.7,9 In the semi-detailed 217	

representation, a more tractable alternative, a molecule is represented as a collection of 218	

reactive hydrogen atom sites. Thus, triacontane (C30H62), a linear alkane, is represented as 219	

two methyl groups (CH3) and twenty-eight methylene groups (CH2) on a 30-carbon 220	

skeleton. As OH radicals react with triacontane, the CH3 and CH2 functional groups are 221	
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converted into free radical intermediates and eventually into stable functional group 222	

products such as ketones or alcohols (described below). C-C bond scission 223	

(fragmentation) reactions are represented by randomly splitting the original C30 backbone 224	

into two smaller carbon numbered products (such as C27 and C3). This compact 225	

description enables predictions of elemental composition and aerosol mass as a function 226	

of OH exposure, which can be quantitatively compared to experimental measurements. 227	

The rate of gradient-driven diffusion between compartments is defined according 228	

to Fick’s law. Diffusion is only allowed to occur by exchange--that is, only when there is 229	

a free volume space is available in the adjacent compartment, analogous to the classic 230	

model of Cohen and Turnbull.45 The self-diffusion coefficient used for triacontane is 8.3 231	

× 10-19 cm2 s-1.  This value is derived from the zero-shear limit of measurements of the 232	

dynamic viscosity (see ESI Sec. S7†). The diffusion coefficient is initially assumed to be 233	

Type I, i.e. constant for each functional group and carbon backbone as triacontane is 234	

oxidized, but this assumption is explicitly tested as discussed below. 235	

Finally as material diffuses, evaporates or reacts to form products of different 236	

densities, the individual compartments are allowed to expand or contract independently in 237	

three dimensions as described elsewhere43 with the smaller of the 2 areas at the interface 238	

between two compartments chosen to be the area of the interface. In this way, the 239	

simulated size of the aerosol evolves dynamically with oxidation, and the concentrations 240	

are continuously corrected so that the diffusion and reaction rates are accurate.43  241	

 242	

B. Detailed Reaction Mechanism 243	
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The goal of this work is to describe accurately the multigenerational 244	

heterogeneous chemistry of OH reacting with triacontane. Our starting point is the basic 245	

reaction free radical oxidation scheme developed previously9 and shown schematically in 246	

R1-R4 (Fig. 1C),  247	

OH + RH → R + H2O                                                   (R1) 248	

R + O2 →RO2                                                                (R2) 249	

RO2 + RO2 → Ketone and Alcohol + O2                                (R3) 250	

RO2 + RO2 → 2RO + O2                                                 (R4) 251	

OH abstracts a hydrogen atom (R1) from a C-H bond (RH) on a hydrocarbon or 252	

partly oxidized product to form an alkyl radical (R) and H2O.  In the presence of O2, R is 253	

rapidly converted to a peroxy radical (RO2, R2) whose subsequent reaction pathways 254	

form stable alcohol and ketone products (R3) or two alkoxy radicals (RO, R4). Rate 255	

coefficients used for R1-R4 are constrained to previous literature values as shown in 256	

Table 1. 257	

Additional reaction steps are needed to simulate the oxidation of a semisolid 258	

aerosol like triacontane.  In particular, carboxylic acids are products of the heterogeneous 259	

oxidation of viscous n-alkanes46 but not liquid ones, so new mechanistic pathways are 260	

required to describe their formation and fragmentation reactions.  261	

 262	

 263	

Table 1. Summary of simulation parameters used to predict the heterogeneous oxidation 264	
of triacontane by OH radicals. References for literature values are included in the table. 265	

 266	
Parameter  Description  Value 
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dp  Diameter of particle 109 or 145 nma 

ρ0  Density of particle 0.81 g cm-3 

kad  Pseudo-first order adsorption rate 
coefficient of OH 

10 s-1 

 

kdes  Desorption rate coefficient of OH47 2.86 × 1010 s-1 

kTri+OH  Total rate coefficient for OH + 
triacontane48 

1.55 × 10-11 cm3 
molecules-1 s-1 

kCH3-s  Rate coefficient of OH + surface-
aligned CH3

46, 48, 49 
8.69 × 10-13 cm3 
molecules-1 s-1 

kCH3  Rate coefficient of OH + bulk CH3
46, 

48, 49 
4.35 × 10-14

 cm3 
molecules-1 s-1 

kCH2-α  Rate coefficient of OH + surface 
aligned CH2

46, 48, 49 
2.90 × 10-12 cm3 
molecules-1 s-1 

kCH2  Rate coefficient of OH + bulk CH2
46, 

48, 49 
4.35 × 10-13

 cm3 
molecules-1 s-1 

kRO2+RO2  Rate coefficient of RO2 + RO2
50 1.61 × 10-15 cm3 

molecules-1 s-1 

kRO2+R(O)O2  Rate coefficient of RO2 + R(O)O2
50 1.61 × 10-15 cm3 

molecules-1 s-1 

kRO+RH 
 
 
Dtria 
 
 
DOH 
 

 Rate coefficient of RO + RH (alkoxy 
abstraction) 50 
 
Self-diffusion coefficient for 
triacontane (this work) 
 
Diffusion coefficient for OH (based 
on H2O diffusion)28  
 

1.66 × 10-15 cm3 
molecules-1 s-1 

 

8.3 × 10-19 cm2 s-1 
 
 
 
10-11 cm2 s-1 

a Experiments that measured the decay of triacontane (see Fig. 4) used slightly larger 267	
sized  particles (dp = 145 nm) than those experiments that measured elemental 268	
composition and aerosol mass (Figs. 5-8); dp = 109 nm. The simulation geometry was 269	
modified to accurately simulate the particle size used in each experiment. 270	
 271	

 272	
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Functionalization Reactions. As the aerosol becomes oxidized, RO2 + RO2 273	

reactions (R4) will increasingly involve reactions between peroxy radicals with existing 274	

oxygenated functional groups (not explicitly shown in R1-R4). For example, acyl peroxy 275	

radicals (R(O)O2) were formed from hydrogen abstraction from aldehydes or by β-276	

scission of an alkoxy radical with an adjacent ketone functional group. In the squalane 277	

oxidation simulations,9 the R(O)O2 intermediate was formed only in very small 278	

quantities, consistent with the fact that acids are not observed experimentally, and its 279	

subsequent reactions were neglected. For triacontane, they reach much higher 280	

concentrations due to low diffusivity and must be included. Additional reaction steps are 281	

needed to simulate the oxidation of a semisolid aerosol like triacontane.  We have added 282	

cross reactions between (R(O)O2) and RO2 radicals to form acyloxy (R(O)O) and RO 283	

radicals or carboxylic acids and ketones51 as shown in Fig. 2. Only a limited number of 284	

measurements of cross reactions between R(O)O2 and RO2 radicals are available in the 285	

literature51, 52 even for the gas phase, and none are available (to our knowledge) in the 286	

condensed phase. The branching ratio between the radical and acid formation pathways 287	

shown in Fig. 2 are initially set at 90% acid formation (i.e., same as the RO2 + RO2 288	

branching ratio to form alcohols and ketones, R3). In the reaction scheme, products of the 289	

R(O)O2 + R(O)O2 reaction are two R(O)O radicals as observed experimentally.52 290	

 291	

 292	

Figure 2. Cross-reactions of acyl peroxy radicals (R(O)O2) with alkyl peroxy (RO2) 293	
radicals. The R(O)O2 radical can either form a carboxylic acid and chain terminate, or an 294	
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acyloxy (R(O)O) radical which can decompose via CO2 elimination to form an alkyl 295	
radical (chain propagating). 296	
 297	

 298	

OH radicals can react with carboxylic acids via an abstraction reaction analogous 299	

to the aqueous phase reaction observed for oxalic and acetic acid.53-55 In the absence of 300	

literature data, we assumed that the rate coefficient in an organic solvent would be 301	

somewhat similar to that in water, although we acknowledge that there are clear 302	

differences between reactions in organic and aqueous solvents such as the formation of 303	

the more reactive carboxylate ion in the latter. Based on rate coefficients for several 304	

carboxylic acids in the aqueous phase, the rate coefficient for the OH abstraction from a 305	

carboxylic acid group is chosen to be 10-14 molecules cm3 s-1.53 OH can also react via 306	

addition as has been observed in the gas phase with a rate coefficient of 5.2 × 10-13 307	

molecules cm3 s-1.48 Such a reaction could occur near or at the aerosol surface. Given the 308	

uncertainty in the dominant kinetics, the sensitivity of the model predictions to the rate 309	

coefficient of this step is explicitly tested as described below.  310	

HO2 radicals may in principle react with RO2 and R(O)O2 to form 311	

hydroperoxides, peroxy acids, carboxylic acids, and R(O)O radicals.56, 57 The importance 312	

of this channel was evaluated by including uptake of gas phase HO2 generated from the 313	

reactions of O(1D) and H2O in the reactor,58 and evaporation in the model. Only 314	

evaporation of HO2 is found to be kinetically significant, since the uptake coefficient of 315	

HO2 onto squalane particles59 is small compared to the large desorption coefficient for 316	

HO2 observed in molecular dynamics (MD) simulations of similar species (OH and O3).47 317	

Thus, HO2 chemistry in this system appears to be insignificant but cannot be entirely 318	
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ruled out for other organic aerosol systems, particularly aqueous or metal-containing 319	

organic aerosols.59  320	

Fragmentation reactions. The loss of aerosol mass in aliphatic oxidation is due to 321	

chemical erosion that originates primarily from the formation and subsequent 322	

decomposition of activated RO species with an adjacent a ketone or alcohol functional 323	

group.9 The presence of either group enhances the rate of β-scission of alkoxy radicals by 324	

5 orders of magnitude.9, 33, 60 This fragmentation path for triacontane is extended to 325	

include the fragmentation of carbon backbones with less than 30 carbons and to more 326	

highly oxygenated reaction products. All possible combinations of fragmentation paths 327	

are included as described in ESI Sec S5†. Fragmentation to form CO2 following 328	

abstraction of H from –COOH is also included as shown in Fig. 2.  329	

Whether a carboxylic acid group adjacent to an alkoxy radical site will activate 330	

unimolecular decomposition in a manner similar to ketone or alcohol functionalities is 331	

unclear from existing literature. Barrier heights for fragmentation of the alkoxy-332	

carboxylic acid moiety are estimated to be 13 kcal mol-1 in an organic solvent using 333	

GAUSSIAN electronic structure calculations (See ESI Sec. S4† for more details). Using 334	

the suggested transition state theory pre-exponential factor ATST of 1.8 × 1013 s-1 for 335	

298K,9, 60 this barrier height results in a fragmentation rate coefficient of 6.96 × 103 s-1. 336	

This value is small compared to that for alkoxy radicals activated by alcohol and ketone 337	

groups and suggests that almost all of these carboxylic acid-containing RO radicals will 338	

react only via bimolecular hydrogen abstraction reaction. Thus, this decomposition 339	

pathway was not included in the reaction scheme.  340	

 341	



17	
	

C. OH Uptake, Surface Orientation and Evaporation 342	

OH uptake. OH initiates the reaction as shown in R1, and from previous 343	

experimental61 and computational work,6 is expected to react mainly in the outermost (1-344	

2 nm) surface layers of the particle (i.e. 2-4 compartments in the squalane simulations). 345	

An effective uptake coefficient of OH (γeff) is computed from experimental 346	

measurements by measuring the reactive decay of triacontane in the particle using aerosol 347	

mass spectrometry. γeff is simply the ratio of reactive collisions leading to loss of 348	

triacontane to the total number of OH collisions with the aerosol surface. Unlike gas 349	

phase measurements of the loss of OH above a surface,62 γeff is determined by the 350	

consumption rate of a particle phase species and is thus sensitive to both OH reactions as 351	

well as reactions with other free radical intermediates that are present (e.g. alkoxy 352	

radicals). For cases where large quantities of RO radicals are formed, extensive chain 353	

propagation reactions can occur leading to an γeff larger than 1.63-65 The observed γeff  for 354	

triacontane is less than 1,64 however as will be discussed below this value is not simple to 355	

interpret due to spatial inhomogeneities that lead to large consumption of organic in one 356	

region while the average extent of reaction is small.  357	

γeff , obtained by experiment is in reality an aggregate of a number of elementary 358	

reactions coupled by diffusion. Reactions R5-R7 are the elementary chemical steps that 359	

describe reactive uptake of OH, based upon a theoretical analysis66 adapted for use in the 360	

simulations.6 Taken together, R5-R7 control the observed consumption of the starting 361	

material (i.e., the experimentally observed effective reactive uptake of OH, γeff).  362	

𝑂𝐻! + 𝑠𝑖𝑡𝑒 
!!"  𝑂𝐻!"#                                                          (R5) 363	

 𝑂𝐻!"  
!!"#  𝑂𝐻! + 𝑠𝑖𝑡𝑒                                                           (R6) 364	
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 𝑂𝐻!" + 𝑅𝐻 
!!"!!"  𝑅 + 𝐻!𝑂 + 𝑠𝑖𝑡𝑒                                          (R7) 365	

These steps describe the following microscopic processes. First, gas phase OH 366	

must adsorb (R5) onto a surface site. After adsorption, OH can either desorb (R6) back 367	

into the gas phase or react by abstracting a hydrogen atom (R7) from an organic 368	

functional group (RH). Thus, the rate coefficients for adsorption (kad), desorption (kdes), 369	

and abstraction (kOH+RH) are required inputs for the model.  370	

The desorption rate coefficient (kdes in R6) is fixed at 2.86 × 1010 s-1 to reflect the 371	

35 ps lifetime of OH on aqueous surfaces observed in MD simulations.47 The overall rate 372	

coefficient for hydrogen abstraction (kOH+RH in R7) is fixed at 1.55 × 10-11 cm3 molecule-1 373	

s-1, which is consistent with previous gas phase rate coefficients for the reaction of OH 374	

with long chain alkanes (e.g. tridecane) tabulated by Atkinson.67   375	

The adsorption rate coefficient kad is not known and is therefore adjusted in the 376	

simulation to replicate the global data set, which includes the experimental decay of 377	

triacontane, elemental composition, and aerosol mass vs. OH exposure observed in two 378	

separate experimental studies. Using the experimental average OH concentration of 2.5 × 379	

1011 molecules cm-3 a pseudo-first order rate coefficient of k’ad = kad[OH] = 10 s-1 is 380	

found to best replicate the experimental results. This value corresponds to a second order 381	

adsorption rate coefficient of 4 × 10-11 cm3 molecules-1 s-1, which is comparable to the 382	

value of 8 x 10-11 cm3 molecules s-1 found in the previous reaction-diffusion simulation 383	

study of squalane.6 (The value of 10-10 cm3 molecules s-1 reported in that work is 384	

corrected for differences in the definitions of sites and compartment geometries between 385	

the two studies for comparison purposes). Because of the substantial physical differences 386	

between squalane and triacontane particles, the factor of 2 difference in estimated 387	
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adsorption coefficients does not have a clear origin, but would be interesting to 388	

understand in greater detail. 389	

Surface Orientation. There is evidence that linear n-alkanes, like triacontane, 390	

adopt preferred surface orientations sometimes referred to as “surface freezing.”68, 69 391	

Alkanes molecules orient with one terminal methyl group extending away from the gas-392	

surface interface and the other terminal methyl group buried in the interior.46, 49, 70, 71 To 393	

account for this in the model, one methyl group and one methylene group are given 394	

special designations to indicate their proximity to the surface. The surface-aligned methyl 395	

group is termed CH3-s, while the surface-aligned methylene group is given the label α to 396	

indicate that it is one carbon away from CH3-s, as shown in Fig. 3.  397	

 398	

 399	

Figure 3. A schematic showing the functional group designations used in the reaction 400	
scheme to indicate proximity to the surface. The surface aligned methyl group is CH3-s, 401	
the methylene group one carbon away from that methyl group is CH2-α, and all other 402	
methylene groups are CH2-sec. 403	

 404	

These surface-aligned groups are assumed to have larger OH abstraction rate 405	

coefficients since they extend from the surface into the gas phase and preferentially 406	

interact with incoming gas phase OH.  The hydrogen abstraction rate coefficients are 407	
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chosen so that their ratio across the CH3-s, CH2-α, and the CH2-bulk groups are 408	

approximately the same as the observed ratios of resulting ketone and alcohol isomers in 409	

the oxidation of other linear n-alkanes.46, 49 Although the abstraction rate coefficient 410	

varied with location on the chain, the total overall rate coefficient for hydrogen 411	

abstraction from any part of triacontane is maintained at a value of 1.55 × 10-11 cm3 412	

molecule-1 s-1 using weighted averaging. This value is assumed to apply even for 413	

oxidation of the fragmentation products residing in the surface compartment. The OH 414	

abstraction rate coefficients for hydrogen atoms located on the same carbon atom as an 415	

existing alcohol or aldehyde functional group are assumed to increase by factors of 3.5 416	

and 8.7, respectively, as predicted by the gas phase structure activity relationships 417	

(SAR).48 Rate coefficients for these hydrogen abstraction reactions and other model 418	

parameters are shown in Table 1. 419	

Evaporation.  Evaporation rate coefficients have not been measured for this 420	

system, so they are instead estimated from vapor pressures found using the group 421	

additivity model, EVAPORATION, using the carbon backbone length and the number of 422	

primary functional groups (e.g., aldehyde or carboxylic acids).72 Raoult’s Law, the Hertz-423	

Knudsen equation, and the geometry of the particle are then used to estimate rate 424	

coefficients for evaporation as described in a previous publication9 (see Sec. S6† for 425	

more details.) For low molecular weight dicarboxylic acids (e.g., succinic acid) the 426	

measured vapor pressures are used73 since group contribution methods are known to 427	

overestimate the vapor pressures for this class of compounds.74 Given the large 428	

uncertainties in the estimated vapor pressures, evaporation rate coefficients could in 429	

principle be a large source of uncertainty in the model. In practice, however, increasing 430	
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or decreasing the evaporation rate coefficients by a factor of 10 produces only minor 431	

differences in the model predictions as will be discussed below because any increase or 432	

decrease in the quantity of lower molecular weight products remaining in the aerosol 433	

results in a corresponding decrease or increase in CO2. The uncertainty in these values 434	

will likely matter for more branched organic species or for more liquid-like cases, 435	

however.9 436	

Since each chemical entity in the simulation has an associated carbon backbone 437	

length and a functional group volume, changes in aerosol density and size due to 438	

evaporation are captured in the simulations.  The total volume of a compartment 439	

corresponds to the sum of individual functional group partial volumes derived from X-ray 440	

diffraction75 and density measurements.  In the simulation, an evaporation step removes 441	

the carbon backbone, associated functional group species, and OH adsorption/reaction 442	

sites from the compartment, decreasing the compartment volume. At the same time, new 443	

surface sites are created in the immediately adjacent compartment. Thus, the number of 444	

surface sites in the simulation remains constant, but their location and therefore the 445	

location of the gas-particle interface dynamically changes as material ages and 446	

evaporates. The validity of this description was tested for squalane by comparing the 447	

simulation results from the previously published single compartment model9 to an 448	

equivalent multi-compartment reaction-diffusion simulation using the uptake and 449	

evaporation steps described above (see ESI Sec S3 and Fig. S1†). Agreement between the 450	

two sets of simulations provides confidence that the interface tracking scheme accurately 451	

represents how aging controls particle size and density.  452	

 453	
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D. Model Sensitivity 454	

The extension of the reaction-diffusion scheme to include the semi-detailed free 455	

radical mechanism and evaporation involves two critical assumptions. First, OH radicals 456	

are assumed to react with carboxylic acids in an organic matrix with the same rate 457	

coefficient as in the aqueous phase. Second, the diffusion coefficient is assumed to be 458	

constant and the same everywhere in the particle despite extensive chemical changes to 459	

the aerosol with oxidation. These assumptions represent two general mechanisms for 460	

surface renewal in a semisolid aerosol, which can occur either by the formation of gas 461	

phase reaction products (i.e. chemical erosion) or by enhanced mobility of molecules 462	

(plasticization) to diffuse away from the interface into the interior of the particle.  As will 463	

be shown below, these two processes produce rather distinct changes in how the aerosol 464	

mass and average carbon oxidation state evolve with reaction.  The sensitivity of the 465	

simulation predictions to these two assumptions is explicitly tested as summarized in 466	

Table 2.  467	

Table 2. Scenarios used to test the sensitivity of the model to the magnitude of the OH + 468	
COOH rate coefficient kOH+COOH (aqueous vs. gas phase value) and diffusion. For 469	
scenario 1 and 2 the diffusion coefficient (D) for all species is constant, while in 1A and 470	
2A reaction products with carbon numbers (Cn) smaller than C16 have a higher value. See 471	
text for more details. 472	

 473	
Scenario kOH+COOH (cm3 molecules -1 s-1) Diffusion coefficient (D, cm2 s-1) 

1 Aqueous (kOH+COOH = 10-14)53 Constant (D = 8.3 x 10-19) 

2 Gas Phase (kOH+COOH = 5.2 x 10-13)48 Constant (D = 8.3 x 10-19) 

1A Aqueous (kOH+COOH = 10-14) D = 8.3 x 10-19  for Cn ≥ C16  

  D = 3.0 x 10-13  for Cn < C16 

2Aa Gas Phase (kOH+COOH = 5.2 x 10-13) D = 8.3 x 10-19  for Cn ≥ C16  



23	
	

  D = 3.0 x 10-13  for Cn < C16 

a Scenario 2A is discussed in full in ESI section 9†.  474	

 475	

Scenario 1 assumes OH + COOH rate coefficient of 10-14 molecules-1 cm3 s-1 53 476	

and the diffusion coefficient for all species in the simulations (reactants, products and 477	

intermediates) is 8.3 x 10-19 cm2 s-1, the value determined experimentally for pure 478	

triacontane. In Scenario 2, the rate coefficient for the OH + COOH abstraction reaction is 479	

increased to the recommended gas phase value of 5.2 × 10-13 molecules-1 cm3 s-1,48 while 480	

keeping the diffusion coefficients the same as in scenario 1. Because this abstraction 481	

reaction leads to fragmentation, this scenario also tests how an increase in the relative 482	

importance of fragmentation reactions impacts model predictions.  483	

Scenario 1A extends Scenario 1 to evaluate the effect of varying diffusion 484	

coefficients due to changes in the particle composition during exposure to OH.  It is 485	

likely that the formation of new oxygenated function groups on triacontane and 486	

subsequent fragmentation reactions will lead to faster diffusion either by the formation of 487	

smaller molecular weight products that plasticize the semisolid particle, or by increasing 488	

the uptake of H2O due to increasing hygroscopicity of the aerosol.76, 77 An analogous 489	

extension of Scenario 2 is reported in ESI Section 9†.  490	

As described in the ESI Sec. S1†, non-Fickian or environment-sensitive diffusion 491	

paths were added to the reaction scheme to describe the plasticization process in a highly 492	

simplified way. Reaction products with 15 carbons in length or less were assumed to 493	

have a diffusion coefficient of 3 × 10-13 cm2 s-1, a factor of 4 x 105 larger than the self-494	

diffusion coefficient of pure triacontane. This large increase in the diffusion coefficient is 495	
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selected somewhat arbitrarily but is the smallest change that had significant impact on the 496	

overall rate of triacontane consumption, and is in the range of large decreases in viscosity 497	

(and thus increased self-diffusion) observed for organic aerosols that accompany 498	

relatively small changes in aerosol water content.21, 77-80 Note that using this particular 499	

model description only allows for faster diffusion in areas where lower molecular weight 500	

products have been formed. Clearly a more refined description that includes diffusion 501	

coefficients for all types of fragmentation products is possible, however experimental 502	

data for such mixtures would be required to include the relevant absolute diffusion 503	

coefficients. Absent such data, we chose the simplest possible description for this work. 504	

 505	

III. Simulation Results  506	

The average gas phase OH concentration in the simulation is set to be consistent 507	

with experiment (2.5 × 1011 molecules cm-3), leading to a maximum OH exposure of 9.3 508	

× 1012 molecules cm-3 s during the 37 s residence time in the flow tube. The simulations 509	

produce complete concentration vs time profiles for all species defined in the mechanism 510	

as a function of compartment location. This enables the full spatial distribution of 511	

products and intermediates to be viewed at any point in the reaction.  To compare 512	

simulation predictions for scenarios 1, 2, and 1A with experimental data, the calculated 513	

mass and elemental compositions are averaged over all compartments, since the 514	

experiments only contain information on how the bulk average aerosol properties evolve 515	

with oxidation. Internal spatial distributions have also been extracted from the 516	

calculations, and are examined below and in the ESI. 517	
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The simulations are compared to three main data sets.  The first is the normalized 518	

decay of 145 nm average diameter triacontane aerosol vs. OH exposure measured with 519	

vacuum ultraviolet ionization aerosol mass spectrometry (Fig. 4) and described in detail 520	

in previous publications.29, 63 The second data set (Figs. 5-8) is the elemental composition 521	

of slightly smaller 109 nm average diameter triacontane aerosol as a function of OH 522	

exposure from previously published measurements19 using an Aerodyne High Resolution 523	

Mass Spectrometer with electron impact ionization. The aerosol generated from 524	

semisolid triacontane is likely to be non-spherical, so a shape correction was applied to 525	

the mass data as described in ESI Sec. S2.† Both the uncorrected and shape corrected 526	

data are shown in Figs. 5 and 7 to illustrate the potential influence of shape. 527	

Model scenarios 1 and 2, which differ only in their OH + COOH rate coefficients, 528	

are plotted against the experimental data in Figs. 4-6. Scenario 1 predicts a slower loss 529	

rate of triacontane (Fig. 4) than observed experimentally or predicted by Scenario 2. In 530	

contrast, Scenario 1 agrees best with the measured aerosol mass in Fig. 5A but predicts 531	

that the average hydrogen and carbon content in the particle are much larger than 532	

observed in the experiment. Scenario 2 is only consistent with the experimental aerosol 533	

mass for the first few points in Fig. 5A but predicts the average hydrogen and carbon 534	

content better than Scenario 1 (Fig. 6A and B), at least up to an OH exposure of ~2 x 1012 535	

molec. cm-3 s. Beyond this exposure, Scenario 2 greatly overestimates the amount of 536	

carbon removed from the particle by heterogeneous reactions.  A clear deficiency in both 537	

these Scenarios is the lack of new oxygenated functional groups that are formed and 538	

remain in the aerosol phase as seen in Fig. 6A.  This trend can also be seen in the O/C 539	

and H/C elemental ratio data in Fig. 5B.  540	
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 541	

 542	

 543	

 544	

Figure 4. Experimental29, 63 and simulated reactive decay of triacontane as function of 545	
OH exposure. Both experiment and simulation results were normalized to unreacted 546	
triacontane prior to the heterogeneous oxidation.  See Table 2 for scenario descriptions. 547	
The steps seen in the Scenario 1 results are due to the representation of the system as a set 548	
of well-mixed compartments connected by very slow diffusion. They disappear when 549	
reaction and diffusion are more competitive. 550	

 551	
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 552	

Figure 5. Comparison of measured (points) and simulated (lines) results using Scenarios 553	
1 and 2, which evaluate sensitivity to the OH + carboxylic rate coefficient (see Table 2). 554	
(A) aerosol mass; (B) H/C and O/C elemental ratios. 555	

	  556	
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 557	
 558	

 559	

Figure 6. Average number of:  (A) hydrogen, (B) carbon and (C) oxygen atoms per 560	
molecule in the aerosol as a function of OH exposure for Scenarios 1 and 2, which 561	
evaluate the model sensitivity to the OH + carboxylic rate coefficient (see Table 2).  562	

 563	

Model Scenarios 1 and 1A and 2 and 2A (ESI Section 9) investigate the effects of 564	

an increasing self-diffusion coefficient due to plasticization. The predictions of Scenario 565	

1A are compared to the experimental decay kinetics (Fig. 4), aerosol mass (Fig. 7A), and 566	

elemental composition (Figs. 7B and 8). There is overall agreement between Scenario 1A 567	

and the triacontane decay kinetics shown in Fig. 4, although we note that at small OH 568	

exposures Scenario 1A predicts less triacontane in the particle than is observed 569	

experimentally.  570	

 571	
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 572	

Figure 7. Comparison of the measured (symbols) and simulated (A) aerosol mass and (B) 573	
H/C and O/C elemental ratios as a function of OH exposure for Scenario 1A, which tests 574	
sensitivity to a changing self-diffusion in the aerosol due to plasticization during 575	
oxidation.  The shaded regions in (A) show the sensitivity of the model predictions to 576	
increasing and decreasing evaporation rates by a factor of 10. This spans the uncertainty 577	
in vapor pressures used in the model. 578	

 579	

 580	
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 581	

Figure 8. Average number of: (A) hydrogen, (B) carbon and (C) oxygen atoms in the 582	
aerosol as a function of OH exposure for Scenario 1A, which tested sensitivity to 583	
changing self-diffusion in the aerosol due to plasticization during oxidation.  The shaded 584	
regions in (A), (B) and (C) show the sensitivity of the model predictions to increasing and 585	
decreasing evaporation rates by a factor of 10. This spans the uncertainty in vapor 586	
pressures used in the model. 587	
 588	

 589	

Scenarios 1 and 1A have somewhat similar agreement with the experimental mass 590	

(cf. Fig. 5A and Fig. 7A), but the elemental composition predictions of Scenario 1A (Fig. 591	

8) are in much better agreement with experiment than Scenario 1 or 2. Scenario 2A (ESI 592	

Sec 9) does not show a comparable improvement to Scenario 2. Scenario 1A accurately 593	

predicts the observed decrease in average hydrogen and carbon content as well as the 594	

overall magnitude of the average oxygen content in the aerosol with oxidation.  We note 595	

some slight differences in the overall time-dependent oxygen content between scenario 596	

1A and experiment.  The average elemental composition predicted by Scenario 1A is in 597	
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good agreement with the measured H/C and O/C ratios in Fig 7B, with minor 598	

discrepancies between simulation and experiment at OH exposures in excess of ~6 x 1012 599	

molecules cm-3 s. Overall, the model Scenario that best predicts the global experimental 600	

data set is Scenario 1A.  601	

Spatial profiles. Since Scenario 2 is clearly not consistent with all of the 602	

experimental observations, the most useful insights for examining the internal 603	

distribution of oxidized material within the aerosol can be gained by considering only 604	

Scenarios 1 and 1A.  As shown for Scenario 1 in Fig. 9, reaction occurs only within the 605	

outermost 1 nm of the aerosol, which becomes extremely oxidized and produces a steep 606	

chemical gradient in the near-surface region. A plot of the peroxy radical concentration 607	

(ESI Sec. S8†, Figure S4) confirms that the reactions are confined to this region. The 608	

simulations predict an O/C ratio of 1.3 at an OH exposure of 2 × 1012 molecules cm-3 s, 609	

with some volatilization of the outer surface. At all OH exposures, the vast majority of 610	

the particle remains unreacted triacontane. Volatilization of highly oxidized triacontane 611	

fragments exposes less oxidized organic material, so that the particle mass and hydrogen, 612	

and carbon contents all decrease without much increase in the average oxygen content.  613	

Similar plots for Scenario 1A are shown in Fig. 10. In this case, the internal 614	

distribution of oxidized material extends more deeply into the aerosol bulk 615	

(approximately 20 nm). Fig. S5† shows that peroxy radicals are found throughout the  616	
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 617	

Figure 9. O/C ratio of the aerosol as a function of OH exposure and spatial location 618	
calculated using Scenario 1. The surface of the aerosol starts at 55 nm and slowly retreats 619	
along the yellow contour as material evaporates. (A) contour map of the O/C ratio. (B) 620	
spatial profile at an OH exposure of 2.0 × 1012 molecules cm-3 s (shown as a dotted line 621	
in A).  The black dashed line in B corresponds to the average O/C ratio of the aerosol.  622	
 623	
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 624	

 625	
Figure 10. O/C ratio of the aerosol as a function of OH exposure and spatial location for 626	
Scenario 1A. The surface of the aerosol starts at 55 nm and slowly retreats along the 627	
yellow contour as material evaporates: (A) contour map of the O/C ratio. (B) Spatial 628	
profile at an OH exposure of 2.0 × 1012 molecules cm-3 s (shown as a dotted line in A).  629	
The black dashed line in B corresponds to the average O/C ratio of the aerosol.  630	
 631	

particle, so the O/C distribution marks the location of free radical reactions., not just 632	

mixing of products formed only at the surface. As shown in Fig. 10B, the aerosol 633	

interface still remains more oxidized (O/C = 0.6) than the bulk at an OH exposure of 2 × 634	

1012 molecules cm-3 and an unreacted core of starting material in the inner 10 nm. The 635	

reduced extent of oxidation at the surface limits the fragmentation chemistry and 636	

subsequent evaporation of volatile material from the particle. 637	

 638	

 639	
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IV. Discussion  640	

 Although Scenarios 1, 1A and 2 were constructed to evaluate key uncertainties in 641	

the model description, a deeper analysis of these predictions nevertheless provides new 642	

insights into the principles that control heterogeneous reactions of semisolid vs liquid 643	

aerosol. In this section we first discuss how changing a key assumption in each Scenario 644	

alters the predicted aerosol properties, followed by a detailed discussion of Scenario 1A, 645	

which accurately predicts the experimental results.  646	

Scenarios 1, 1A, 2 and 2A. From the comparison of the Scenarios 1, 1A, 2 and 2A 647	

to the experimental results it is clear that the chemical transformation (i.e. oxidation) of 648	

triacontane by OH is not governed solely by elementary reaction pathways but depend on 649	

a number of more complex processes such as diffusion and volatilization.  As seen in Fig. 650	

4, the loss rate of triacontane itself depends sensitively upon diffusion to and from the 651	

aerosol interface, consistent with previous work on the emergent nature of reactive 652	

uptake.6 Scenarios 1 and 1A use the same self-diffusion and OH diffusion rate 653	

coefficients (R7) for triacontane but differ in their assumption about the self-diffusion 654	

coefficient of the products, and therefore predict vastly different triacontane reaction 655	

kinetics. Therefore, there is no straightforward relationship between γeff obtained by 656	

experiment and the inherent OH reactivity of triacontane (i.e. R7). Rather, heterogeneous 657	

kinetics in semisolid aerosol is inextricably coupled with diffusion timescales, as shown 658	

previously6, and by other surface renewal pathways as described below. This adds 659	

significant complexity to understanding the underlying principles of reactivity in 660	

semisolid aerosol compared to liquid systems. 661	
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While Scenario 1 and 1A both capture the main changes in aerosol mass with 662	

oxidation (Figs. 5A and 7A), Scenario 1 greatly under-predicts the experimentally 663	

observed oxygen content (Fig. 6C) of the aerosol and over-predicts the average hydrogen 664	

(Fig. 6A) and carbon (Fig. 6A) content remaining in the particle phase.  Thus, while 665	

Scenario 1 gives a fair representation of the aerosol mass, it clear that it is for the wrong 666	

reasons.  Scenario 1A alone provides a comprehensive set of predictions that capture the 667	

reaction kinetics of triacontane (Fig. 4) as well as providing an accurate description of 668	

how the elemental composition (Fig. 8) evolves to produce the observed changes in 669	

aerosol mass (Fig. 7A). 670	

The ability of the calculations to provide spatial distributions of reactive 671	

intermediates and elemental compositions in the particles as a function of OH exposure 672	

allows identification of where the free radical chemistry occurs (see Figs 9, 10 and ESI 673	

Sec S8†). As seen in Figs 9 and S4, the slow diffusion assumption in Scenario 1 produces 674	

an aerosol with a thin highly oxidized crust (O/C = 1.3) and an interior comprised of 675	

unreacted material (O/C = 0). Once the interface is oxidized, the decay of triacontane is 676	

slow (Fig. 4) because the majority of the triacontane is diffusively confined below the 677	

interface to a region that is inaccessible to OH given its short reaction length (i.e. 1-3 678	

nm).6, 61 The peroxy free radicals are also confined to the interface (Fig S4) and could not 679	

propagate the reaction in the particle bulk. Thus, the slow kinetic decay predicted in Fig. 680	

4 for Scenario 1 corresponded to the consumption of triacontane in the outermost region 681	

of the aerosol. The oxidation of this thin outer layer only produces modest changes to the 682	

average oxygen content (Fig. 6C) and elemental composition (Fig. 5B). This analysis is 683	



36	
	

consistent with an expanded definition of uptake6 and with the accessible reaction volume 684	

model used to interpret the heterogeneous reaction of OH with citric acid aerosol.26 685	

The spatial composition maps for Scenario 1A (Figs. 10 and S5) clearly show that 686	

the location where free radical reactions occur and the spatial distribution of the reaction 687	

products (and therefore triacontane) are spread more uniformly within the aerosol, 688	

although a sizable gradient in composition remains (Fig. 10B).  While the self-diffusion 689	

coefficient of triacontane in Scenarios 1 and 1A is the same, the enhanced mobility of 690	

free radicals and reaction products (with carbon numbers less than 16) prevents the 691	

formation of a semisolid oxidized crust with limited molecular mobility, thus allowing 692	

oxidation to effectively access a larger fraction of the aerosol volume.  This in turn leads 693	

to the larger consumption rate of triacontane (Fig. 4) and the greater aerosol oxygen 694	

content (Fig. 8C) observed in the experiment and predicted by Scenario 1A. 695	

A comparison of Scenarios 1 and 2 indicate that additional factors beyond 696	

diffusion might govern aerosol reactivity and composition. Scenarios 1 and 2 differ only 697	

by the reactivity of OH with product species containing a carboxylic acid group. Scenario 698	

2 uses a gas phase rate coefficient (kOH+COOH) that is 52 times larger than aqueous phase 699	

rate coefficient used in Scenario 1; otherwise the Scenarios are identical. There are 700	

substantial differences between these Scenario predictions of the triacontane consumption 701	

rate (Fig. 4), aerosol mass (Fig. 5) and elemental composition (Fig. 6). Scenario 2, 702	

relative to 1, predicts a much faster consumption rate of triacontane with substantial loss 703	

of aerosol mass, hydrogen and carbon, despite similar H/C and O/C ratios (Fig. 5).  In 704	

Scenario 2 the quantity of oxygen formed in the aerosol phase is much smaller in 705	
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Scenario 1. Addition of plasticization in Scenario 2A (ESI Sec 9†) increases the extent of 706	

oxidation, but does not correctly predict the trends observed experimentally. 707	

 In Scenario 2, the faster consumption rate of triacontane and loss in aerosol mass 708	

can be explained by the enhanced reactivity of carboxylic acids (i.e. larger kOH+COOH).  709	

The reaction of OH with -COOH forms an R(O)O radical directly, which undergoes 710	

facile decomposition into CO2 and an alkyl radical as illustrated by the right-hand branch 711	

in Fig 2. This reaction pathway increases volatilization of the outer layer of the aerosol 712	

via the production of CO2, exposing unreacted triacontane below the surface and 713	

promoting its reaction with OH. This also explains why smaller quantities of oxygen are 714	

added to the aerosol in Scenario 2 since the lifetime of the –COOH group is ~50 times 715	

smaller than in Scenario 1. 716	

It is clear from the analysis above that the oxidation rate and elemental 717	

composition of this semisolid aerosol is governed by additional processes that are not 718	

present in liquid aerosol systems. One central factor governing the reactivity of semisolid 719	

systems is mechanism and timescale for molecules beneath the interface to access the 720	

surface and undergo reaction with OH.  This is in contrast with results for a liquid aerosol 721	

(squalane), which was observed to be internally well-mixed between reactive OH 722	

collisions under similar reaction conditions to those used for triacontane.6 For 723	

triacontane, species can access the surface region either by enhanced product diffusion or 724	

by chemical erosion. Both of these processes, albeit in different ways, prevent the 725	

formation of a stable 1-3 nm thick highly oxidized low mobility layer (observed in 726	

Scenario 1, Fig. 9) that would otherwise diffusively confine triacontane and chemically 727	

deactivate it in the interior of the aerosol.  The key differences between these two 728	
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processes have to do with their effect on the average carbon oxidation state of the aerosol 729	

phase.  Enhanced diffusion (Scenario 1A) increases the average bulk aerosol carbon 730	

oxidation state whereas chemical erosion (Scenario 2) leaves the particle chemically 731	

reduced, instead forming highly oxidized gas phase reaction products (i.e. CO2).  For 732	

triacontane, surface renewal and consumption of the starting material appears to be 733	

driven mainly by diffusion, leading to the sizable increase in the average oxygen content 734	

of the aerosol observed by experiment and accurately predicted by Scenario 1A.  In 735	

general, exactly how and if surface renewal occurs in semisolid or glassy aerosol could 736	

depend sensitively upon the aerosol composition, water content and oxidant 737	

concentration. An example of the importance of composition is found in mechanistic 738	

studies of ozone oxidation of oleic acid and related olefinic compounds that have been 739	

reported in the literature.78, 81 For these molecules, the C=C double bond opens free 740	

radical addition reaction channels leading to oligomerization that do not exist in 741	

aliphatics such as squalane and triacontane. Experiments and models indicate that 742	

oligomerization does occur, and that there is stiffening rather than plasticization of the 743	

aerosol matrix during oxidation when olefins are present. There can be a counteracting 744	

plasticization when water is present.10 745	

Scenario 1A. The semi-detailed reaction-diffusion reaction scheme developed for 746	

oxidation of triacontane, a semisolid aliphatic aerosol, is an expansion of the previously 747	

reported single compartment (instantaneously mixed) mechanism that successfully 748	

predicted the elemental composition, mass, and effective uptake for the reaction of 749	

squalane with OH radicals.6, 9 Inclusion of additional reaction steps is required because 750	

the diffusive confinement of free radical intermediates near the particle surface results in 751	
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a much greater degree of oxidation than for a liquid system (i.e. squalane) under 752	

comparable OH exposure conditions. The major elements added are chemical reactions 753	

for the formation and destruction of carboxylic acids, fragmentation of carbon backbones 754	

of all lengths, not just the 30-carbon backbone, and full diffusion of all species.   755	

Predictions from Scenario 1A describe the global data set well and allow us to 756	

more closely examine the underlying oxidation mechanism. Although the free radical 757	

chemistry can proceed via numerous parallel pathways, we find that in the triacontane 758	

system one major intermediate species dominates the chemistry. Triacontane molecules 759	

and their oxidation products consist of primary and secondary C-H bonds with a terminal 760	

methyl group oriented toward the outer surface of the particle.46, 71 Abstraction of a 761	

primary hydrogen leads to a sequence of steps forming primary RO2 radicals, aldehydes, 762	

R(O)O2 radicals, and carboxylic acids, as shown in the box in Fig. 11. Also shown in Fig 763	

11 is the abstraction of secondary hydrogen atoms forming peroxy radicals, which can 764	

react to form stable, chain terminating ketones or alkoxy radicals that fragment to form a 765	

primary radical, thus feeding directly into the primary H abstraction product sequence. 766	

While ketones from the secondary C-H branch are relatively unreactive, the primary 767	

aldehydes are highly reactive towards OH,48 and hydrogen abstraction from the -CHO 768	

moiety is a significant driver of fragmentation and volatilization in this system. The 769	

formation of appreciable quantities of fragmentation products in the near-surface region 770	

of the particle occurs early in the OH exposure process, as shown in Fig 12. The 771	

distribution is predicted to be nearly monodisperse across chain lengths once triacontane 772	

begins to decompose. 773	
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 This is in contrast with our previous study on squalane, where the reactions are 774	

dominated by H atoms located at tertiary and secondary carbon sites on the molecule 775	

since the reaction of primary hydrogens on the methyl groups of squalane was found to 776	

be kinetically insignificant.9 While ketones are the primary reaction products for both 777	

squalane and triacontane (Fig. 13), the coupling of aldehyde and carboxylic acid  778	

 779	

Figure 11. A schematic representation of the half-reactions involved in the free radical 780	
chemistry used to model the heterogeneous oxidation of organic aerosol by OH radicals. 781	
For a semi-solid linear alkane like triacontane, the functionalization and fragmentation 782	
free radical chemistry originates from the sequential formation of primary peroxy 783	
radicals, aldehydes, acylperoxy radicals, and acids (identified in the box). The 784	
fragmentation of primary alkoxy radicals and the formation of alkyl radicals from alkoxy 785	
hydrogen abstraction reactions are included in the model but these steps are not shown 786	
for clarity.  787	
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 788	

 789	

Figure 12. Carbon chain fragment distribution in the top 5 nm of the triacontane 790	
particle at 3 different OH exposure times at an OH density of 2.5 x 1011 molecules cm-3, 791	
Scenario 1A (A) after 0.4 sec; (B) after 4 sec; and (C) after 20 sec. The increase in C30 792	
with time reflects the effective roughening of the particle surface (i.e. spreading of the 793	
interface region over several compartments) as the triacontane erodes.  794	

 795	
 796	
  797	
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 798	

Figure 13. Evolution of the distribution of functional groups present in a 799	
triacontane particle as a function of OH exposure, predicted using Scenario 1A. The low 800	
concentration of aldehydes relative to the other functional groups is consistent with its 801	
consumption as a major intermediate in the free radical chain reaction.  802	

 803	

chemistry shown in Fig. 11 was not observed to be significant in squalane.9 These 804	

differences arise mainly from the difference in reactive sites between squalane and 805	

triacontane (linear vs. branched alkane) and surface orientation, which promotes 806	

abstraction from the methyl groups on triacontane and aldehyde formation. Finally, the 807	

decrease in aerosol mass in the squalane system is driven by the formation and 808	

subsequent decomposition of activated alkoxy radicals rather than for example CO2 809	

production from acyloxy fragmentation in triacontane.  810	

Implications for atmospheric aging of semisolid aerosol. Although the alkane/OH 811	

oxidation reaction used in this study reveals many of the fundamental transformation 812	

processes expected in the atmospheric aging of ambient aerosol, it certainly lacks the 813	

immense chemical complexity of SOA, which is comprised of multifunctional highly 814	

oxidized molecules with smaller carbon numbers. Despite this difference, 815	
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multigenerational oxidation of triacontane forms a highly oxidized crust (O/C ~0.6-1.2) 816	

and ensuing free radical pathways (e.g. activated alkoxy decomposition) could in fact be 817	

a quite reasonable analog for the surfaces of secondary organic aerosols. However, a key 818	

difference remains in the composition, chemistry, hygroscopicity, and diffusion of 819	

material beneath this crust. For SOA, this material is expected to be much more oxidized 820	

than triacontane, with differences expected in the rate of water diffusion, for example. 821	

We also note that previous studies examining heterogeneous ozonolysis78, 81 observed 822	

particle phase chemical gradients due to a slowing of diffusion upon oxidation, 823	

presumably due to oligomer formation, which is not an important pathway for OH 824	

initiated oxidative aging of alkanes.  825	

Nevertheless, the large internal gradients of oxidized material in semi-solid 826	

organic aerosol observed here may have important implications for both aerosol 827	

hygroscopicity and optical properties if present under atmospheric conditions. The 828	

average O/C ratio of an aerosol has been correlated with hygroscopicity to find simplified 829	

relationships between composition and cloud condensation nuclei (CCN) activity and 830	

hygroscopic growth.48, 82, 83  The enhanced concentrations of hydrophilic functional 831	

groups predicted to be present at the surface of a semisolid particle may increase the 832	

CCN activity or hygroscopicity relative to the value expected from the average O/C ratio. 833	

This has been suggested as an explanation for results of CCN measurements of 4-methyl-834	

5-nitrocatechol semisolid organic aerosols aged by OH radicals, which show an 835	

enhancement in hygroscopicity after an OH exposure of 4 × 1011 molecules cm-3 s despite 836	

the small change in O/C ratio.76 As predicted in this work, similar effects could occur in 837	

aliphatic systems such as triacontane since the products at the surface include 838	
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hygroscopic species such as small-chain dicarboxylic acids.84, 85 The retention of water 839	

molecules formed by hydrogen abstraction by OH radicals and increasing uptake of water 840	

from the gas phase in the flow tube reactor may occur at the later stages of oxidation. 841	

Because of the lack of direct experimental information on water concentrations in the 842	

aerosol and the generally hydrophobic character of the triacontane surface under the 843	

simulated conditions, water was not explicitly included in the reaction scheme used in 844	

this work. Water accumulation from these processes could be partly responsible for the 845	

plasticization of the outer layers of the aerosol, however. The chemical gradients in the 846	

aerosol may also influence the interactions of the aerosol with light since the optical 847	

properties may be similar to an aerosol with core-shell morphology.86  848	

The findings at an OH density in the range of ≈1011 molecules cm-3 may not 849	

directly extrapolate to atmospheric conditions, however, because diffusion rates can be 850	

competitive with rare oxidation events, and the steep gradients predicted here may not be 851	

maintained.6 In order to test this possibility, the oxidation of triacontane was simulated 852	

for 2 cases, Scenarios 1 and 1A, using an OH concentration of 5 × 106 molecules cm-3 853	

and a total OH exposure of 2 × 1012 molecules cm-3 s-1 (a total continuous reaction time 854	

of 4.6 days). Fig. 14 shows the internal distribution of the O/C ratio found for Scenario 1. 855	

Despite the increase in mixing time relative to OH uptake, chemical gradients still form 856	

after oxidative aging, consistent with previous predictions for the homogeneity of a 857	

particle of this size and self-diffusion coefficient.6  If there is no plasticization when 858	

oxidation is slow, even apparently slow heterogeneous aging by OH radicals can oxidize 859	

the surface quite extensively compared to the change in the average chemical properties 860	

and thus can affect the hygroscopicity and optical properties of the aerosol. If  861	
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Figure 14. Internal distribution of O/C ratio of the aerosol in Scenario 1 simulated using 862	
atmospheric [OH] = 5 × 106 molecules cm-3. The surface of the aerosol starts at 55 nm 863	
and slowly retreats along the green contour as material evaporates. (A) contour map of 864	
the O/C ratio. (B) spatial profile at an OH exposure of 2.0 × 1012 molecules cm-3 s 865	
(shown as a dotted line in A).  The black dashed line in B corresponds to the average O/C 866	
ratio of the aerosol.  867	

 868	

plasticization does occur under atmospheric conditions as in Scenario 1A, (Fig. 15) 869	

however, the aerosol will behave in a liquid-like manner despite its semi-solid nature, 870	

appearing to be well-mixed at all times. This is consistent with trends predicted in our 871	

study of emergent effects in reactive uptake.6  872	

 873	
 874	

 875	

 876	

 877	

 878	
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 879	

 880	
 881	
 882	
Figure 15. Internal distribution of O/C ratio of the aerosol in Scenario 1A at the end of 883	
12 hours, simulated using atmospheric [OH] = 5 × 106 molecules cm-3.  Minimal volume 884	
loss is predicted at this short time, and the aerosol is well mixed. (A) contour map of the 885	
O/C ratio. (B) spatial profile at an OH exposure of 1.1 × 1011 molecules cm-3 s (shown as 886	
a dotted line in A).  The black dashed line in B corresponds to the average O/C ratio of 887	
the aerosol. 888	
 889	

 890	

 It should be noted that inclusion of OH chemistry only is not a complete picture 891	

of oxidative ageing in the atmosphere: additional chemistries should also be taken into 892	

account in predictions of how semi-solid aerosol evolve. Reactions that could be added 893	

include RO2 + RH,87 HO2 + RO2,52 NO + RO2,64, 88 and SO2 + RO2.65  These reactions 894	

may become important under atmospheric conditions because the low RO2 concentrations 895	

suppress bimolecular RO2+RO2 reactions, leading to a longer chemical lifetime for RO2. 896	
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Since most of these reactions are oxidizing,64, 65, 87 their inclusion might intensify any 897	

chemical gradients that form. Thus, the physical state of chemically aged organic aerosols 898	

under atmospheric conditions is uncertain, and additional experimental and model studies 899	

are warranted to investigate under which conditions chemical gradients form and are 900	

maintained.  901	

 902	

Conclusions 903	

Studies of oxidation of model organic aerosol systems provide a useful platform 904	

to understand not only processes that occur in the atmosphere but also deeper principles 905	

of reaction in confined spaces. In this work, the effect of viscosity on reactivity has been 906	

examined by constructing a semi-detailed chemical kinetics model of the heterogeneous 907	

oxidation of a semisolid C30 organic aerosol, triacontane, by OH radicals. The model is 908	

an extension of the schemes used for simulation of liquid-phase oxidation of a C30 909	

aerosol, squalane, in prior studies. Certain elements of the chemical kinetics have not 910	

been well-studied, however, so Scenarios examining ranges of values have been 911	

constructed to evaluate the impact of 2 core assumptions. The reaction-diffusion scheme 912	

is physically based therefore it produces an absolute time base that can be used to 913	

compare the results directly to experiment. The simulations of triacontane oxidation 914	

under these Scenarios all show that under flow tube conditions, large chemical gradients 915	

in oxidized materials form, resulting in a surface that is far more oxidized than would be 916	

expected from measurements of the bulk average O/C ratio. Of the several tested, the 917	

only Scenario that reproduces the experimental data is one that includeds an increase in 918	

the self-diffusion coefficient after <C16 products form, i.e., the near-surface region of the 919	
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particle becomes plasticized during the oxidation process. The successful use of a single 920	

set of kinetic parameters to model the oxidation of squalane (liquid) and triacontane 921	

(semi-solid) demonstrates that the proposed reaction scheme is both predictive and 922	

general for aliphatic hydrocarbons. Additional extensions to this scheme are 923	

straightforward to implement, and could include reactions of alkene, cyclic, and aromatic 924	

moieties as well as other gas-phase reactants besides OH. 925	

Examination of trends in the scenario predictions enables some specific elements 926	

controlling reactivity to be identified. Viscosity has a major effect, controlling the 927	

location of the oxidation reactions through diffusive confinement. More subtly, it also 928	

affects the extent of oxidation, the nature of the products formed, and balance between 929	

reaction and evaporation. Although the free radical chain reactions that are launched form 930	

a complex web, the simulation results show that one particular branch of the chemistry, 931	

reactions of aldehydes, controls the fragmentation and eventual volatilization processes in 932	

the semisolid material. This specificity is not observed for the same chemistry in a liquid.  933	

Because the reaction-diffusion scheme is predictive, it can be used to examine the 934	

chemical processes the model aerosols would undergo if exposed to OH at a density 935	

typical of that in the atmosphere. The simulations show that chemical gradients may form 936	

under atmospheric conditions if there is no plasticization, but the oxidizing particle is 937	

well-mixed (liquid-like) with plasticization. These predictions are consistent with a 938	

previous study that showed the role of viscosity is determined by the mobility of species 939	

in the particle relative to the OH reactive collision frequency.6 Whether or not 940	

plasticization is important when collisions are rare should be explicitly evaluated. The 941	

possibility that chemical gradients form under these conditions has important 942	
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implications for both the hygroscopicity and the optical properties of the aerosol since 943	

both depend on the chemical composition of the surface of the aerosol. 944	
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