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Abstract: 14 
 15 
For aerosol particles that exist in highly viscous, diffusion-limited states, steep chemical gradients 16 
are expected to form during photochemical aging in the atmosphere. Under these conditions 17 
species at the aerosol surface are more rapidly transformed than molecules residing in the particle 18 
interior. To examine the formation and evolution of chemical gradients at aerosol interfaces, the 19 
heterogeneous reaction of hydroxyl radicals (OH) on ~200-nm particles of pure squalane (a 20 
branched, liquid hydrocarbon) and octacosane (a linear, solid hydrocarbon), and binary mixtures 21 
of the two are used to understand how diffusion limitations and phase separation impact particle 22 
reactivity. Aerosol mass spectrometry is used to measure the effective heterogeneous OH uptake 23 
coefficient (γeff) and oxidation kinetics in the bulk, which are compared with the elemental 24 
composition of the surface obtained using X-ray photoemission. When diffusion rates are fast 25 
relative to the reaction frequency, as is the case for squalane and low viscosity squalane-octacosane 26 
mixtures, the reaction is efficient (γeff ~ 0.3) and only limited by the arrival of OH to the interface. 27 
However, for cases where the diffusion rates are slower than reaction rates, as in pure octacosane 28 
and higher viscosity squalane-octacosane mixtures, the heterogeneous reaction occurs in a mixing-29 
limited regime and is ~10x slower (γeff ~ 0.03). This is in contrast to carbon and oxygen K edge X-30 
ray absorption measurements that show that the octacosane interface is oxidized much more 31 
rapidly than that of pure squalane particles. The O:C ratio of the surface (estimated to be the top 32 
6-8 nm of the interface) is measured to change with a rate constant of (3.0±0.9)x10-13 and 33 
(8.6±1.2)x10-13 cm3 molecule-1 s-1 for squalane and octacosane particles, respectively. The 34 
differences in surface oxidation rates are analyzed using a previously published reaction diffusion 35 
model, which suggests that a 1-2 nm highly oxidized crust forms on octacosane particles, whereas 36 
in pure squalane the reaction products are homogenously mixed within the aerosol. This work 37 
illustrates how diffusion limitations can form particles with highly oxidized surfaces even at 38 
relatively low oxidant exposures, which is in turn expected to influence their microphysics in the 39 
atmosphere.     40 
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2 
 

I. Introduction: 41 

 Recent work provides evidence that atmospheric aerosol particles exist in solid, liquid and 42 

highly viscous, diffusion-limited phase states, with viscosities ranging from <102 to >108 Pa s.1–4 43 

Atmospheric aerosol are transformed by photochemical reactions, heterogeneous oxidation and 44 

condensation of low-volatility organic species to yield increasingly oxidized, less volatile and 45 

more hygroscopic particles.5 Chemical gradients are expected to form in semisolid, highly viscous 46 

particles as they age in the atmosphere leading to more rapid changes in surface composition and 47 

potentially affecting their atmospheric fates. For example, rapidly changing the chemical nature of 48 

the aerosol surface could influence its ability to act as a cloud condensation nucleus.6–9 Because 49 

steep chemical gradients in aerosol could change its chemistry with atmospheric trace gases, it is 50 

important to understand the formation of chemical gradients and the chemical nature of the 51 

interface. 52 

The viscosity and the phase-state of an aerosol particle or a film has been measured to have 53 

a significant effect on heterogeneous oxidation kinetics.10–21 Many species can exist as amorphous 54 

semisolids or glasses with very slow internal diffusion at low relative humidity or low temperature, 55 

which has been observed to slow heterogeneous oxidation kinetics.10,11,14–18 For example, 56 

heterogeneous oxidation kinetics of levoglucosan were found to slow with decreasing relative 57 

humidity, which decreased diffusoreactive lengths.11 Additionally, a study found the effective 58 

uptake coefficient of squalane (C30H62, a branched hydrocarbon that is liquid at room temperature) 59 

to be significantly larger than octacosane (C28H58, a linear hydrocarbon that is solid at room 60 

temperature) even though the individual molecules were estimated to have similar reactivity with 61 

the OH radical.19 The product distribution was also different for squalane and octacosane. While 62 

squalane showed functionalization throughout the molecule, octacosane was only functionalized 63 
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at the ends of the molecules. This suggested that while squalane was free to diffuse and rotate in 64 

the particle, octacosane molecules experienced “surface freezing”, wherein the linear alkane chains 65 

preferentially orient normal to the surface.19,22 Because the OH radical reacts at the top ~1 nm in 66 

organic aerosol,23 the differences in effective uptake coefficients were attributed to differences in 67 

phase state and the ability for molecules to diffuse to the interface to react.  68 

Recent modeling results have focused on how diffusion limitations can lead to emergent 69 

properties of aerosol particles.16,24–27 The overall reactivity of an aerosol particle to heterogeneous 70 

oxidation is a balance between the flux of oxidant at the surface and the internal mixing dynamics. 71 

To understand reactivity across a broad range of diffusion coefficients, a reaction-diffusion index 72 

(IRD), also known as the Damköhler number, has been defined by Houle et al. to be25,26 73 

 𝐼𝐼𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑟𝑟𝑟𝑟[𝑔𝑔𝑔𝑔𝑔𝑔]𝜏𝜏𝑐𝑐𝑐𝑐, (1) 74 

where krx is the rate constant for reaction between gas phase oxidant and species in the particle, 75 

[gas] is the concentration of gas phase oxidant, and τcd is the characteristic mixing time, which is 76 

proportional to the square of the particle diameter and inversely proportional to the molecular 77 

diffusion coefficient. If IRD <<1, then mixing is fast relative to the arrival of the gas phase oxidant 78 

to the aerosol surface and the supply of OH limits the reaction. If IRD>>1, then the internal mixing 79 

rate to refresh molecules at the aerosol surface is rate limiting.  Thus, even though the reactive 80 

uptake coefficient of a particle may be constant, changes in its bulk composition and the measured 81 

effective uptake coefficient will depend upon the exact experimental timescales (i.e. laboratory vs. 82 

atmosphere). At larger IRD, bulk composition changes much more slowly, and large chemical 83 

gradients form within the particle as the surface becomes more highly oxidized than the bulk.14,18 84 

For this study, two extremes of IRD are examined. To do this two structurally related molecules are 85 

selected with similar OH reactivity, but with mixing times that are orders of magnitude different. 86 
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The techniques that are commonly used to study aerosols—such as aerosol mass 87 

spectrometry,28 scanning transmission X-ray microscopy,29 scanning electron microscopy,30 and 88 

chromatographic methods coupled with mass spectrometry31—probe volume-weighted aerosol 89 

chemistry. These techniques measure average bulk composition or micron-scale heterogeneity, but 90 

are unable to the detect nano-scale spatial heterogeneity that is expected to form in diffusion-91 

limited aerosol particles. By reacting coated aerosols, there has been some work to determine how 92 

spatial heterogeneity can affect oxidation kinetics.32 There has also been work to develop 93 

analytical techniques that are more surface sensitive and can measure spatial heterogeneity within 94 

aerosol particles. For example, depth profiling of aerosol particles was achieved by introducing a 95 

particle stream into a heated gas stream and only ionizing/detecting the gas-phase species that 96 

evaporated from the particle surface.14,33–35 Additionally, surface sensitivity has been achieved by 97 

using extractive electrospray ionization to desorb and ionize molecular species from the aerosol 98 

interface.36,37 Surface-sensitivity has also been achieved using nonlinear spectroscopic techniques, 99 

such as second harmonic scattering from free aerosol particles38 or sum frequency generation from 100 

aerosol collected onto a filter substrates.39,40 However, there are few online, universally surface 101 

sensitive measurements that can measure the formation and dissipation of chemical gradients 102 

within a particle in situ.  103 

Photoemission spectroscopy is a universally surface sensitive measurement because of the 104 

short electron attenuation length (EAL) in materials. The study of photoemission from free aerosol 105 

particles is still in its infancy.41 Several experiments have used ultraviolet photoelectron 106 

spectroscopy (UPS) to study the electronic structure of free nanoparticles.42–53 Many of these 107 

studies have used a velocity map imaging spectrometer to image a projection the nascent 108 

photoelectron distribution of low energy electrons that originated from valence energy 109 
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levels.42,43,46–53 Additionally, X-ray photoelectron spectroscopy (XPS) studies have probed free 110 

nanoparticles to provide elemental information of the surface.51,54–62 Photoemission 111 

spectroscopy—UPS, XPS and X-ray absorption spectroscopy (XAS) —has previously been used 112 

to study the surfaces of liquid squalene aerosol particles during a surface reaction with ozone.51 113 

However, photoemission spectroscopy has not been used to study heterogeneous chemistry in 114 

particles with diffusion limitations, wherein the reaction is expected to exhibit substantial spatial 115 

heterogeneity. 116 

The heterogeneous oxidation of triacontane (C30H62, a linear hydrocarbon) has been 117 

previously studied using an aerosol mass spectrometer to probe changes in bulk composition.63,64 118 

Using a reaction-diffusion kinetic model, it was predicted that under laboratory conditions the 119 

surface of the particle was oxidized much more rapidly than the bulk (i.e. IRD>>1).64 Here, 120 

photoemission is used to probe the surface reaction of OH on squalane and octacosane particles, 121 

which represent two limiting cases for studying the formation of chemical gradients: IRD<<1 122 

(squalane) and IRD>>1 (octacosane).   123 

II. Experimental Methods: 124 

 The experimental setup used to study OH radical heterogeneous chemistry was nearly 125 

identical to that described previously51,65 and is shown in Figure 1. Briefly, particles are generated 126 

by flowing nitrogen through a heated reservoir containing either squalane, octacosane or a mixture 127 

of the two (molecular structures are shown in Figure 1b and 1c). After the oven, particles pass 128 

through an additional length of heated tubing (~80 °C) for annealing in an effort to make the 129 

particles more spherical. The particle flow was mixed with oxygen (10%), humidified nitrogen 130 

(30%), dry nitrogen, ozone, and a gas-phase OH tracer (~0.5 ppm acetone). The total flow rate was 131 

~1000 sccm. The particle concentrations were typically ~1x106 and 5-10x106
 particles/cm3 for 132 
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mass spectrometry and photoemission measurements, respectively. The flow was introduced into 133 

a quartz flow tube (2.5 cm inner diameter, 140 cm length). Particles had an average residence time 134 

of ~37 s in the flow tube. The particles were oxidized by the OH radical, generated within the flow 135 

tube by the photolysis of ozone in the presence of water vapor using mercury lamps at 254 nm. 136 

After the flow tube, the concentration of the gas-phase tracer was measured using a gas 137 

chromatograph (GC). From the decay of acetone and its OH reaction rate constant (kacetone = 1.8 x 138 

10-13 cm3 molecule-1 s-1),66 the OH exposure (⟨OH⟩t·t) was calculated. A scanning mobility particle 139 

sizer (SMPS) after the flow tube quantified changes in the particle size distribution with oxidation. 140 

 The bulk chemical composition of the aerosol was measured using a vacuum ultraviolet 141 

aerosol mass spectrometer (VUV-AMS).67 The particles were collimated using an aerodynamic 142 

lens (ADL) and vaporized on a 135 °C heated block.  The resulting vapor was ionized using 10.2 143 

eV photons from the Chemical Dynamics Beamline (9.0.2) at the Advanced Light Source (ALS) 144 

at Lawrence Berkeley National Laboratory. The effective uptake coefficient of particles comprised 145 

of pure squalane, pure octacosane and mixtures of the two were determined as previously 146 

described.65 Details are provided in the Supporting Information. 147 

 The aerosol surface composition was probed by XPS and XAS. Specifically, XPS was used 148 

to study the heterogeneous oxidation of pure squalane particles by the OH radical, and XAS at the 149 

carbon and oxygen K edges was used to study the heterogeneous oxidation of pure squalane and 150 

octacosane particles. The details of these measurements have been described previously.51,60 151 

Briefly, particles were introduced into a velocity map imaging (VMI) spectrometer via an ADL 152 

and photoelectrons were mapped onto a multichannel plate (MCP)/phosphor detector.60 C1s XPS 153 

spectra were obtained using a photon energy of 330 eV. Particle and background images were 154 

collected for 300 s, and a photoelectron spectrum from the background-subtracted images were 155 
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obtained using conventional techniques.68 XAS spectra were collected by scanning the incident 156 

photon energy and measuring the intensity of low kinetic energy (KE), secondary electrons (KE 157 

<10 eV) that are generated by inelastic scattering of Auger electrons.  A photomultiplier tube was 158 

used to measure the total electron yield (TEY) from the MCP-phosphor detector. Carbon and 159 

oxygen K edge XAS spectra were collected from 280-300 eV and 526-552 eV, respectively. The 160 

spectra were collected with 0.2 eV steps and exposure times of 1 s per step.  X-ray measurements 161 

were done at beamline 6.0.2 at the ALS.  162 

III. Results and Discussion: 163 

a) Bulk squalane and octacosane particle measurements. Aerosol mass spectra of pure squalane 164 

and octacosane are shown in Figures 2a and 2b, respectively. The mass spectra of squalane and 165 

octacosane have molecular ions at m/z 422 and 394, respectively. As the particles react with OH, 166 

the intensities of the molecular ions decrease. While surface freezing of octacosane drives the 167 

chemistry through aldehydes, the same peroxy radical chemistries are expected to occur in 168 

squalane and octacosane (shown in Figure S1 of the Supporting Information).19,25,64 After H-atom 169 

abstraction by OH, peroxy radicals are formed via O2 addition to an alkyl radical.  The subsequent 170 

reaction pathways of peroxy radicals typically form carbonyl and alcohol functional groups.  171 

Figure 2c shows the mass spectrum of squalane after about half of the initial concentration of 172 

squalane reacted (OH exposure is 5.3x1011
 molecule s cm-3). As the particles were heterogeneously 173 

oxidized by the OH radical, oxygenated products were detected and are consistent with previous 174 

observations.65,69,70  175 

 Figure 2d shows the mass spectrum of octacosane after about half of its initial 176 

concentration is consumed (OH exposure is 4.0x1012 molecule s cm-3). Octacosane reacts much 177 

more slowly than squalane (i.e. a much higher OH exposure is required to consume half of the 178 
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octacosane). In addition, no functionalized products from heterogeneous oxidation are observed in 179 

the mass spectrum. This is consistent with previous observations, wherein the quantity of reaction 180 

products from octacosane after ~1 oxidation lifetime were substantially less intense than those 181 

observed from squalane oxidation.19 In this previous study, only the ends of the octacosane 182 

molecules reacted, suggesting that surface alignment and diffusion limitations allowed only the 183 

small number of molecules at the interface to react with OH. Thus, because the number of 184 

molecules at the interface is small relative to the bulk, and the products are expected to be highly 185 

oxidized (which makes them more difficult to observe using the bulk sensitivity of the VUV 186 

photoionization technique), it is possible the measurement here is not sensitive enough to observe 187 

the reaction products of octacosane. 188 

 The decay of the molecular ions at different OH exposures were monitored, and the 189 

effective uptake coefficients of pure squalane and octacosane were determined to be 0.31±0.06 190 

and 0.03±0.01, respectively. The uptake coefficient for squalane is very similar to previous 191 

measurements.19,65,71–73 Ruehl et al. previously measured an effective uptake coefficient of 192 

0.18±0.11 for octacosane,19 and Richards-Henderson et al. previously measured an effective 193 

uptake coefficient of ~0.17 for triacontane.72,73 Both of these measurements are larger than the 194 

value measured here. Since solid n-alkane particles form needle-like morphologies,74 an annealing 195 

oven was used to melt the particles to make them more spherical, which helped with aerodynamic 196 

focusing in the spectrometer. Non-spherical particles have a larger surface area, which leads to 197 

larger OH collision frequencies and faster heterogeneous reaction rates. Because Ruehl et al. and 198 

Richards-Henderson et al. did not anneal the solid n-alkane particles, differences in particle 199 

morphology (i.e. surface area) could explain the larger effective uptake coefficients reported in 200 

their work.  201 
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 Given the distribution of abstractable H atoms in each molecule, the gas-phase reactivities 202 

of squalane and octacosane were estimated to be very similar (kgas = 4.0x10-10 and 3.7x10-10 cm-3 203 

molecule-1 s-1, for squalane and octacosane, respectively).75 Because particle size and OH 204 

concentration were similar for both experiments, differences in internal mixing times likely explain 205 

the large differences in effective uptake coefficient.24 The self-diffusion coefficients in squalane76 206 

and triacontane64 (a linear hydrocarbon very similar to octacosane) are 7x10-7 and 8.3x10-19 cm2 s-207 

1, respectively. Thus, 200-nm aerosols comprised of squalane and octacosane will have 208 

characteristic mixing times of ~10-5 and ~107 s, respectively. Based on the present reaction 209 

conditions, squalane and octacosane have  IRD of ~10-7 and ~105, respectively, suggesting that these 210 

particles react in much different rate limiting regimes (i.e. OH flux limited vs. diffusion 211 

limited).25,26   212 

 Figure 3 shows the effective uptake coefficients of octacosane and squalane measured in 213 

different squalane-octacosane mixtures. As the squalane mole fraction (xsqa) increases, the 214 

octacosane molecular ion is observed to decay faster (Figure 3a). Figure 3b shows the computed 215 

effective uptake coefficients for octacosane and squalane as a function of xsqa. At higher 216 

concentrations of squalane (xsqa>0.8), the effective uptake coefficient of both octacosane and 217 

squalane are nearly identical to pure squalane, suggesting that diffusion is fast relative to reaction 218 

frequency (i.e. IRD<<1 and that the reactions occur in an OH flux limited regime). This is consistent 219 

with the two molecules having similar estimated reactivity towards OH, and the particles existing 220 

as a well-mixed liquid on the timescale of the heterogeneous reaction frequency.  221 

 As the concentration of squalane decreases (0.6<xsqa<0.8), the particle becomes more 222 

viscous and the effective uptake coefficients of both octacosane and squalane decrease. At these 223 

compositions, the viscosity in the particle increases, such that diffusion is slow relative to the 224 
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reaction frequency. The decrease in measured effective uptake suggests that the particle is 225 

transitioning from an OH flux limited to a bulk diffusion limited regime. In this transitory regime, 226 

the molecules in the aerosol interior become more inaccessible for reaction at the interface. As 227 

diffusion continues to slow within the particle, ultimately only the molecules that reside within the 228 

reacto-diffusive length of OH (1-2 nm) react heterogeneously.23 The heterogeneous oxidation of 229 

citric acid at different RHs showed a similar effect.14 At high RH, the viscosity of the citric acid 230 

particle was low and the particle could mix freely (i.e. the reacto-diffusive length was larger than 231 

the radius of the particle and IRD<<1). At lower RH, the viscosity decreased, and both the measured 232 

effective uptake coefficient and the reacto-diffusive length were smaller (i.e. IRD>1).  233 

 When the initial squalane composition decreases further (xsqa<0.6), the squalane and 234 

octacosane effective uptake coefficients diverge and approach the values measured in their pure 235 

states. The differences in the behavior of the molecular components suggests that at these mole 236 

fractions, the particles do not exist as homogeneous mixture, but rather are phase separated. Phase 237 

separation has been previously observed in particles composed of mixtures of solid and liquid 238 

components (such as mixtures of oleic acid and stearic acid).74 Thus, by changing the composition 239 

of the particle, heterogeneous oxidation is observed to occur in either an OH flux limited (liquid 240 

well-mixed particles), organic mixing limited (semi-solid, viscous particles) or phase separated.  241 

b) X-ray photoelectron spectroscopy of squalane particles. X-ray photoelectron spectroscopy 242 

can measure average O:C (oxygen-to-carbon) ratios by directly probing the chemical composition 243 

of the surface.51,77 XPS spectra from the heterogeneous oxidation of squalane particles are shown 244 

in Figure 4. The spectra were collected with 330 eV photons (resulting in ~40 eV KE 245 

photoelectrons). An XPS spectrum of unoxidized squalane particles is shown in Figure 4a, and for 246 

comparison an XPS spectrum of squalane oxidized at an OH exposure of 3.8x1012 molecule s cm-247 
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3 is shown in Figure 4b. The spectrum of oxidized squalane has a broad shoulder at higher binding 248 

energies, which is attributed to the formation of reaction products containing new oxygenated 249 

functional groups. 250 

 To extract a quantitative measure of the chemical composition of the surface of the particle, 251 

the XPS spectra were fit using a method adapted from previous studies.51,77 Since pure squalane is 252 

composed of only one type of carbon (methylene carbon, CHx), a single Gaussian peak (FWHM 253 

= 2.0 eV) was first fit to the unoxidized squalane spectrum. Next, the most highly oxidized 254 

squalane spectrum was fit using two Gaussian peaks: the CHx peak (which had the same 255 

parameters as in the unoxidized squalane spectrum) and an oxygenated carbon peak, Cox (which 256 

was constrained to have the same FWHM as the CHx peak). The Cox peak was shifted by 2.0 eV 257 

relative to methylene CHx peak, which is in good agreement with the average shift expected for 258 

carbonyls and alcohols.78 The same two peaks were fit to the squalane spectra at each OH exposure. 259 

Based on the expected reaction products and the relative shift of the Cox peak, only one oxygen 260 

atom is associated with each Cox (i.e. only ketones and alcohols were formed).65,79 Thus, by 261 

monitoring the relative intensity of the Cox
 peak, the O:C ratio at the surface could be measured 262 

directly (Figure 4c). The experimental O:C ratios are in good agreement with the bulk O:C ratios 263 

measured with an AMS from a previous study (shown as the red line in Figure 4c).70  264 

 The O:C ratios measured with XPS were used to inform the X-ray absorption 265 

measurements as described below. Unfortunately, we were unable to measure XPS spectra from 266 

octacosane particles. Even with annealing, it is suspected that the octacosane particles were not 267 

completely spherical and poorly collimated by the aerodynamic lens, leading to poor transmission 268 

efficiency and low XPS signal-to-noise ratio in the apparatus. 269 
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c) X-ray absorption of squalane and octacosane particles. XAS spectra at the carbon and 270 

oxygen K edges were collected by scanning the incident photon energy and measuring the intensity 271 

of low KE secondary electrons. An example distribution of low KE electrons from organic aerosol 272 

has been previously reported,51,60 and is peaked around ~3 eV kinetic energy. Thus, based upon 273 

previous studies of the electron attenuation length in organic nanoparticles, the XAS measurements 274 

are expected to probe the topmost ~3-4 nm of the particle interface,52 as will be discussed in more 275 

detail below. 276 

 Figure 5 shows the carbon K edge XAS spectra of squalane and octacosane at different OH 277 

exposures. The spectra were area normalized using the TEY signal from 284 to 300 eV. For both 278 

particles, at higher OH exposures, a pre-edge feature at ~286 eV grows in, and the intensity at the 279 

initial pre-edge feature (~287 eV) decreases and blue shifts. The appearance of the pre-edge feature 280 

arises due to an increasing number of different functional groups at the particle surface.80 Based 281 

on the reaction mechanism (Supporting Information, Figure S1), alcohols and carbonyls are likely 282 

contributors to this pre-edge feature for squalane (low IRD), and carbonyls and carboxylic acids are 283 

likely contributors to this pre-edge feature for octacosane (high IRD).25 As shown by a comparison 284 

of gas-phase carbon K edge XAS spectra of ethane, ethanol, acetaldehyde and acetic acid, the 1s 285 

C(CO) π* transition of carbonyls is the most likely assignment for this pre-edge spectral feature 286 

(Supporting Information, Figure S2).81 However, without XAS calculations, it is difficult to 287 

determine precisely which chemical species are responsible for all of the spectral changes 288 

observed.  289 

 Both the squalane and octacosane carbon K edge XAS spectra exhibit an isosbestic point 290 

at ~286.5 eV, indicating that there are at least two distinct populations of species that evolve during 291 

the reaction. Oxidation kinetics were extracted from the spectra by calculating the ratio of the 292 
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spectral area to the left and right of the isosbestic point as a function of OH exposure (Figure 5c). 293 

This method calculates the relative intensity of the pre-edge feature, which is assumed to be 294 

proportional to oxygenated products at the surface. As shown in Figure 5c, the pre-edge feature 295 

grows much more rapidly for octacosane than for squalane. A rate constant (k) describing the 296 

growth of a signal with increased oxidation was calculated using: 297 

 𝐼𝐼𝑡𝑡 = 𝐼𝐼𝑚𝑚𝑚𝑚𝑟𝑟(1 − 𝑒𝑒−𝑘𝑘〈OH〉𝑡𝑡∙𝑡𝑡), (2) 298 

where It and Imax are the signal intensity at a given OH exposure and the maximum possible signal 299 

intensity, respectively. The phenomenological rate constants for squalane and octacosane that best 300 

describe the kinetic rise of this pre-edge feature are (3.2±1.0)x10-13 and (9.0±1.0)x10-13 cm3 301 

molecule-1 s-1, respectively. Since the starting diameter of squalane and octacosane were similar, 302 

both measured to be ~200±40 nm, these heterogeneous rate constants can be directly compared. 303 

Thus, even though squalane appears much more reactive when observed with bulk sensitive 304 

probes, the surface of octacosane oxidizes ~3x faster. This measurement suggests that a chemical 305 

gradient forms during the oxidation of octacosane. However, because X-ray absorption at the 306 

carbon K edge probes the bonding environment around carbon atoms and changing speciation 307 

affects the shape of the spectrum, the magnitude of the chemical gradient cannot be determined by 308 

these data alone. Thus, direct probes of oxygenated species (such as oxygen K edge XAS) are 309 

necessary to quantify the absolute magnitudes of chemical gradients. 310 

 Figure 6 shows the oxygen K edge XAS spectra of squalane and octacosane as a function 311 

of OH exposure. The spectra are normalized to the intensity between 526-528 eV, which arises 312 

from the tailing edge of the carbon K edge absorption. Because of the short EAL of low KE 313 

photoelectrons, the pre-edge intensity has previously been reported to be proportional to particle 314 

surface area (as measured by the SMPS).51 Similar to the oxygen K edge XAS spectra observed 315 
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during squalene ozonolysis, two peaks are observed to grow in with increasing OH exposure.51 316 

The peak at ~532 eV is slightly red-shifted in octacosane compared to squalane. The reason for 317 

this shift is unclear. It could arise from different molecular species (which are predicted to arise 318 

from differences in particle diffusion rates)25 or from differences in intermolecular bonding, since 319 

XAS probes unoccupied molecular orbitals and Rydberg states that are very diffuse and sensitive 320 

to the bonding environment.  321 

 Because the oxygen K edge XAS spectra were normalized by scaling each spectrum by the 322 

pre-edge intensity (526-528 eV)—which arises from extended carbon K edge absorption—the 323 

intensities in the spectra are directly proportional to the O:C ratios at the surface. The calibration 324 

factor to relate XAS intensity to O:C ratio was determined using data from both squalene 325 

ozonolysis and squalane oxidation. The change in the O:C ratio with increasing squalene 326 

ozonolysis was directly measured using XPS. The measured O:C ratio was related to the peak 327 

intensities in the oxygen K edge XAS spectra.51 In this work, XPS was used to directly measure 328 

the O:C ratio of squalane particles as they were oxidized. Using this XPS data, the O:C ratio at 329 

each OH exposure shown in Figure 6a was determined. Plotting the O:C ratio as a function of 330 

oxygen K edge XAS peak intensity for both squalene ozonolysis and squalane oxidation yields a 331 

linear relationship (Supporting Information, Figure S3). Thus, using this linear relationship 332 

between oxygen XAS intensity and O:C ratio, we can obtain the chemical composition of the 333 

surface of squalane and octacosane particles with increasing heterogeneous oxidation. 334 

 The change in the O:C ratio for squalane and octacosane is shown in Figure 7a. Using Eq. 335 

2, the rate constants for the change in O:C ratio at the surfaces of squalane and octacosane are 336 

(3.0±0.9)x10-13 and (8.6±1.2)x10-13 cm3 molecule-1 s-1, respectively. As with the carbon K edge 337 

XAS spectra, even though the bulk composition of octacosane changes ~10x more slowly than 338 
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that of squalane, the surface O:C ratio increases ~3x faster. These rate constants are in good 339 

agreement with those describing the spectral changes in the carbon K edge XAS spectra shown in 340 

Figure 5, which is a good internal check of our spectra analysis approach. 341 

 To directly compare the growth of the surface O:C ratio in the two particles, OH exposure 342 

was converted to bulk oxidation lifetimes using the effective uptake coefficient of squalane and 343 

octacosane from the AMS measurements. A bulk oxidation lifetime is the number of reactive OH 344 

collisions divided by the total number of molecules in the particle. From the second order reaction 345 

rate constant (k1) describing the decay of the molecular ion, the number of lifetimes is, 346 

 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑔𝑔 = 𝑘𝑘1 〈OH〉𝑡𝑡 ∙ 𝑙𝑙. (3) 347 

Figure 7b shows that over the range of OH exposures measured here, the squalane reacts up to ~4 348 

lifetimes, while octacosane only up to ~0.5 lifetime. By plotting the O:C ratio measured with 349 

photoemission as a function of bulk oxidation lifetime, the change in the surface composition is 350 

related to the change in the bulk composition. The dashed red line in Figure 7b shows the predicted 351 

bulk O:C ratio as a function of OH exposure for squalane based on previous results.70 For squalane, 352 

the bulk values and the surface O:C values are in good agreement, providing strong evidence that 353 

the particle is well-mixed. However, the surface O:C ratio for octacosane increases much more 354 

rapidly than that of squalane for similar changes in bulk composition. The surface of octacosane 355 

reaches its maximum O:C ratio after ~0.4 bulk oxidation lifetime (i.e. 35% of octacosane in the 356 

particle reacts). Assuming only octacosane at the surface reacts and there is no internal diffusion, 357 

this leads to a ca. 12 nm oxidative crust on the particle (based on estimates of oxidized organic 358 

carbon density).79  359 

 The maximum possible O:C ratios at the particle surfaces were calculated from Eq. 2 to be 360 

0.21±0.04 and 0.19±0.01 for squalane and octacosane, respectively. The bulk O:C ratios for 361 
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squalane and triacontane (C30H62, a linear hydrocarbon that is assumed to behave identically to 362 

octacosane) have been measured previously at very high OH exposures. In this previous 363 

measurement, the bulk O:C ratio for squalane was measured to increase to ~0.3 after 16 bulk 364 

oxidation lifetimes.70 This is significantly larger than the maximum O:C ratio predicted here, 365 

presumably due to the limited number of bulk oxidation lifetimes (i.e. a plateau O:C ratio was not 366 

achieved for squalane).  367 

 In contrast with squalane, the surface composition of octacosane reached a steady value 368 

with the OH exposures used here. Previous modeling results have predicted that as IRD increases, 369 

the particle starts eroding as fragmentation dominates the overall chemistry, and ketones and 370 

carboxylic acids accumulate at the surface.26 In addition, previous measurements have found the 371 

bulk O:C ratio for triacontane to increase to >0.9 with an OH exposure of 1x1013 molecule s cm-372 

3.64 This is significantly different than what is observed here (maximum surface O:C ratio of 373 

0.19±0.01). Additionally, no products were observed in the bulk AMS measurements reported here 374 

that would be consistent with such a large bulk O:C ratio (Figure 2d). The bulk elemental 375 

composition in previous studies was determined indirectly using a high resolution AMS with an 376 

electron impact ionization source.82 A recent report has summarized the change in average carbon 377 

oxidation state with increasing OH exposure for many different particles (from solid to liquid, 378 

saturated to unsaturated, etc.).63 Despite its small effective uptake coefficient and low bulk 379 

reactivity, triacontane particles were reported to have the largest and fastest change in bulk 380 

chemical composition when compared to any other type of particle measured. It is possible particle 381 

morphology, environmental conditions (such as RH), size and plasticization (discussed below) 382 

could all impact how particle composition evolves with increased heterogeneous oxidation. 383 
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However, it is unclear how to understand the differences between the particle compositions 384 

measured here and in previous results. 385 

 A reaction-diffusion model for the heterogeneous oxidation of triacontane by OH was 386 

created to try to understand the previous bulk measurements.64 The only way to obtain the large 387 

bulk O:C ratios was to assume that the particles plasticized and diffusion timescales in the particle 388 

decreased with increasing oxidation (i.e. IRD decreased). Plasticization was built into the model by 389 

assuming reaction products had a larger diffusion coefficient than that of triacontane. With 390 

plasticization of the particle, the internal mixing timescales were faster than would be expected 391 

from the self-diffusion coefficient of pure triacontane. As a result, reaction products diffused faster 392 

and the particle was more homogeneously oxidized. When diffusion in the particle was kept 393 

constant at the self-diffusion coefficient of triacontane, only the top ~1 nm at the surface was 394 

oxidized and a highly oxidized crust was formed. Because products from oxidation were confined 395 

to the surface, the maximum bulk O:C ratio under these conditions was ~0.1 (which did not support 396 

the previous bulk measurements).64 397 

 To understand the results presented here, two additional triacontane simulations were run 398 

using the particle diameter and at the OH exposures measured here. As previously described, 399 

heterogeneous oxidation is simulated using a multi-compartment model with built-in diffusion 400 

pathways. Heterogeneous chemistry, bulk chemistry, diffusion and evaporation rates are all 401 

explicitly stated using literature values when possible.64 The model was run using Kinetiscope, 402 

which is a stochastic kinetics simulator.83 At each OH exposure, the spatially resolved distribution 403 

of the O:C ratios was recorded. The internal distributions of the O:C ratio at an OH exposure of 404 

5.0x1012 molecule s cm-3 using the plasticization model and the constant diffusion model are 405 

shown in Figure 8a and 8b, respectively.  As discussed, oxygenated molecules are allowed to 406 
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diffuse faster in the plasticization model. As a result, the contrast between surface and bulk 407 

composition is not as extreme as it is in the constant diffusion model.  408 

 The EALs in organic nanoparticles for electrons with >2 eV KE were previously measured 409 

to be ~3-4 nm.52 Thus, a depth-averaged O:C ratio can be calculated from each of the simulations 410 

using estimates of the EAL (i.e. the experimental probing depth). From the simulated distribution 411 

of O:C ratios [OC(r)], the depth-averaged O:C ratio (OCm) obtained by XAS is predicted to be 412 

 𝑂𝑂𝐶𝐶𝑚𝑚 =  ∫ 𝑂𝑂𝐶𝐶(𝑟𝑟)𝑒𝑒−𝑟𝑟/𝐸𝐸𝐸𝐸𝐸𝐸 𝑑𝑑𝑟𝑟𝑅𝑅
0 / ∫ 𝑒𝑒−𝑟𝑟/𝐸𝐸𝐸𝐸𝐸𝐸 𝑑𝑑𝑟𝑟𝑅𝑅

0 , (4) 413 

where R is the radius of the particle and r is the distance from the surface of the particle. At longer 414 

EALs, the XAS probe is less surface sensitive and more material from the core of the particle is 415 

probed. The depth-averaged O:C ratios calculated using different estimated EALs (2, 4, 6, 8 and 416 

10 nm) are shown in Figure 8c and 8d for the plasticization and constant diffusion models, 417 

respectively.  418 

 With plasticization, oxidized reaction products can diffuse faster, which results in a less 419 

steep chemical gradient within the particle (as shown in Figure 8a). Because new reaction products 420 

are still probed at longer EALs, changing the EAL has less of an effect on changing the depth-421 

averaged O:C ratio. For example, at an OH exposure of 5x1012 molecule s cm-3, the depth averaged 422 

O:C ratio only decreases from 0.65 to 0.40 when the EAL increases from 2 to 10 nm. The 423 

experimental O:C ratios measured with the XAS probe are overlaid on the depth-averaged O:C 424 

ratios from the plasticization model in Figure 8c. As expected, the plasticization model (which 425 

more closely fits the previous bulk measurements) over-predicts O:C ratio at all estimated EALs. 426 

Additionally, the depth-averaged O:C ratios continuously increase over the range of OH exposures 427 

simulated. This does not match the functional form of the experimental data observed here, which 428 

reaches a plateau at OH exposures larger than 1x1012 molecule s cm-3.  429 
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 Without plasticization, diffusion is uniformly slow and reaction products are confined to 430 

the interface (as shown in Figure 8b). Even though the model predicts O:C ratios that are >1 at the 431 

surface of the particle, the measured O:C ratio decreases significantly when contributions from the 432 

subsurface of the particle are included because the oxidized layer is only ~1 nm thick. For example, 433 

at an OH exposure of 5x1012 molecule s cm-3, the depth averaged O:C ratio decreases from 0.56 to 434 

0.12 when the EAL increases from 2 to 10 nm. The experimental O:C ratios are overlaid on the 435 

depth-averaged O:C ratios from the constant diffusion model in Figure 8d. This model accurately 436 

predicts the measured O:C ratio assuming an EAL of ~8 nm, which is reasonable given the strong 437 

material dependence on electron scattering at low KEs.52 In addition, the depth-averaged O:C 438 

ratios plateau over the range of OH exposures simulated because all of the oxygenated species in 439 

the particle are probed at each EAL. This matches the functional form of the experimental data. 440 

Thus, the experimental results measured here suggest that aerosol particles composed of long 441 

linear hydrocarbons form a highly oxidized crust when they are heterogeneously oxidized, 442 

suggesting that an extremely steep chemical gradient is formed within the particle. 443 

IV. Conclusions: 444 

 Photoemission spectroscopy was used to study the changing surface composition and the 445 

formation of chemical gradients during a heterogeneous reaction. The heterogeneous oxidation of 446 

both highly viscous octacosane and liquid squalane particles were compared using both bulk and 447 

surface measurements. In bulk measurements, pure octacosane particles were found to react much 448 

more slowly than pure squalane particles. In mixtures of octacosane and squalane, reaction kinetics 449 

were dependent on initial particle composition. When the composition of squalane was high (xsqa 450 

>0.8), diffusion was fast relative to the reaction frequency, and octacosane and squalane reacted 451 

with the same fast rates (i.e. IRD<<1). As the squalane composition decreased (0.6<xsqa<0.8), 452 
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diffusion started to slow relative to reaction frequency, and octacosane and squalane reacted with 453 

the same slower rates (i.e. IRD ~ 1). At low squalane composition (xsqa <0.6), squalane and 454 

octacosane reaction rates diverged and approached the values measured for their pure states, due 455 

to phase separation. 456 

 The formation of chemical gradients in the particles were measured using XAS at the 457 

carbon and oxygen K edges. In these surface sensitive probes, octacosane appeared to 458 

heterogeneously react significantly faster than squalane particles, demonstrating that even though 459 

the bulk composition of octacosane changed slowly, the surface composition changed much more 460 

rapidly. Using the oxygen K edge XAS spectra, the change in the O:C ratio of the surface region 461 

could be probed directly. From the kinetics of the O:C ratio, the data reported here suggest that 462 

diffusion in the octacosane particle remains very slow and only the molecules at the surface of the 463 

particle react, creating a highly oxidized crust around an unoxidized core. This conclusion is 464 

supported by the bulk AMS measurements reported here, wherein products of heterogeneous 465 

oxidation were below the detection limit. The conclusion is also supported by previous work 466 

looking at the products of heterogeneous oxidation of octacosane. This work found that only the 467 

ends of the octacosane molecule reacted, suggesting that the molecules were frozen at the particle’s 468 

surface.19 The measurements reported here suggest that the bulk O:C ratio of octacosane particles 469 

does not increase as rapidly as that of liquid squalane particles.  470 

Previous work looking at heterogeneous oxidation has observed much larger changes in 471 

bulk composition of particles composed of linear alkanes.63,64 The kinetic model created in this 472 

previous work could explain the data measured here by assuming particles do not plasticize with 473 

increased oxidation.64 The differences between the previous measurements and those reported here 474 
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cannot be readily rationalized, but particle morphology or some other environmental factor (such 475 

as relative humidity) could play a role in either promoting or inhibiting plasticization.  476 

Ultimately, this work demonstrates that diffusion limitations can create particles with 477 

highly oxidized surfaces at relatively low oxidant exposures. By changing the chemical nature of 478 

the interface, it is expected the atmospheric fate of these diffusion-limited particles will change. 479 
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 782 
 783 

Figure 1. a) Schematic of flow tube setup (GC = Gas Chromatograph, SMPS = Scanning 784 
Mobility Particle Sizer, AMS = VUV Aerosol Mass Spectrometer, VMI = Velocity Map Imaging 785 
spectrometer). The chemical structures of squalane (b) and octacosane (c). 786 
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 788 
Figure 2. a) Aerosol mass spectrum of squalane particles without exposure to OH radicals. The 789 
molecular ion is labeled as “Sqa”. b) The mass spectrum of octacosane particles without 790 
exposure to OH radicals. The molecular ion is labeled as “Oct”. c) The mass spectrum when 791 
about half of the squalane has reacted. Functionalized products with increasing numbers of 792 
oxygen (SqaO and SqaO2) are present. d) The mass spectrum when about half of the octacosane 793 
has reacted. No products are observed when octacosane heterogeneously reacts. 794 
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 796 
Figure 3. a) Decay of the molecular ion of octacosane from heterogeneous oxidation in mixed 797 
octacosane-squalane particles with different compositions. b) Calculated effective uptake 798 
coefficients of octacosane and squalane in mixtures of the two. The blue shaded region 799 
represents compositions where reaction rate is OH flux limited (IRD <<1). The orange shaded 800 
region represents compositions where diffusion limitations start to arise (IRD ~1). The grey 801 
shaded region represents compositions where the particles are phase-separated.  802 
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 804 
Figure 4. a) and b) show the XPS spectrum of squalane particles oxidized at an OH exposure of 0 805 
and 3.8x1012

 molecule s cm-3, respectively. Spectra were collected using 330 eV photons. c) The 806 
measured O:C ratio at the surface of squalane at different OH exposures. Only one oxygen atom 807 
is associated with each Cox

 (i.e. only ketones and alcohols formed). The O:C ratio of the bulk was 808 
predicted using kinetics measured in previous work.70  809 
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 810 
Figure 5. Carbon K edge XAS spectra of squalane (a) and octacosane (b) particles at different OH 811 
exposures. Spectra were area normalized using the measured TEY intensity from 286-300 eV. c) 812 
Oxidation kinetics from carbon K edge XAS spectra were extracted by calculating the ratio of the 813 
area left of the isosbestic point (286.5 eV) to that right of the isosbestic point and plotting it as a 814 
function of OH exposure. 815 
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 817 
Figure 6. Oxygen K edge XAS spectra of squalane (a) and octacosane (b) particles at different 818 
OH exposures. Spectra were normalized to the pre-edge intensity (526-528 eV).  819 
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 821 
Figure 7. a) Measured surface O:C ratio for squalane particles (red circles) and octacosane 822 
particles (black squares) at different OH exposures. The data were fit to Eq. 2 to determine the rate 823 
of change and the maximum O:C ratio. b) Measured surface O:C ratio for squalane and octacosane 824 
particles at different bulk oxidation lifetimes. Bulk oxidation lifetime was calculated using the bulk 825 
AMS measurements and Eq. 3. The dashed red line shows the bulk O:C ratio predicted for squalane 826 
from previous AMS measurents.70 827 
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 829 
Figure 8. a,b) The internal distribution of the O:C ratio for triacontane particle with an initial 830 
radius of 190 nm after it has been heterogeneously oxidized at an OH exposure of 5.0x1012 831 
molecule s cm-3. The distribution from the model that includes plasticization is shown in (a). The 832 
distribution from the model that keeps diffusion constant is shown in (b). c,d) Estimates of the O:C 833 
ratio that would be measured with different probe depths (as determined by electron attenuation 834 
lengths). The experimental surface O:C ratios are overlaid (black squares). The changing surface 835 
composition with the plasticization model is shown in c), and the changing surface composition 836 
with the constant diffusion model is shown in d).  837 
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