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Figure 3. Evolution of the chemical properties of gas- and particle-phase �‰�Œ�}���µ���š�•���(�Œ�}�u���r-pinene photo-oxidation, 195 
shown as time-dependent distributions of total measured carbon. The properties of only the oxidation products 196 
(and not of the �r-pinene �‰�Œ�����µ�Œ�•�}�Œ�•�����Œ�����•�Z�}�Á�v�V���š�Z�����‰�o�}�š�•���]�v���Á�Z�]���Z���r-pinene is included is provided in Figure S2. 197 
Properties shown are (a) number of carbon atoms, nC, (b) oxidation state of carbon, OSC, and (c) volatility in terms 198 
of saturation concentration, c*, each denoted by the color scale shown. Trends in the carbon-weighted average of 199 
each property are shown in bottom panels. 200 

The evolution of the organic mixture, in which the early-generation species (mostly large, lightly-201 
oxidized, intermediate volatility species) react to form small, volatile species in the gas phase and low-202 
volatility species in the particle phase, has important implications for the evolving reactivity and lifetime 203 
of atmospheric OC. Figure 4a shows the changes to the distribution of the atmospheric lifetime against 204 
reaction with OH (�•ox) of the product mixture; unlike Figure 3, this includes unmeasured species, since 205 
their lifetime can be directly estimated from their observed rate of decay (see Figure S10). The lifetimes 206 
of the initial products are generally short. Functionalized IVOCs have lifetimes of only a few hours,45 so 207 
observation of a similar lifetime (~4 hours) for the unmeasured carbon further supports its assignment 208 
as reactive IVOCs. However some of the other products are extremely long-lived with respect to OH 209 
oxidation, such as CO (�•ox = 39 days47), acetone (�•ox = 34 days48), and pOC (�•ox = 69 days46). Over the 210 
course of the experiment, the IVOCs react away and these longer-lived species continue to grow in, 211 
increasing the average lifetime of products in the mixture from 5 hours to 2 days. By the end of the 212 
experiment, more than half of the carbon is in species that are sufficiently long-lived (�•ox > 20 hrs) to be 213 
unreactive on the timescale of the experiment. This tendency toward long-lived species is a natural 214 
consequence of any multigenerational reaction system, since less-reactive products represent “kinetic 215 
bottlenecks” and hence will necessarily accumulate. In the present system, this tendency is closely 216 
correlated with the evolving volatility distributions, since long-lived species tend either to be small gas-217 
phase oxygenates (e.g., CO, acetone), or present in the condensed phase (as pOC). Thus, within 218 
approximately a day of atmospheric aging, the volatility distribution of the product mixture is bimodal, 219 
dominated by particles and long-lived high-volatility gases (Figure 4b). This decrease in reactivity 220 
through sequestration of carbon in “low-reactivity pools” occurs roughly exponentially, with a 221 
characteristic time of ~3 hours (Figure 4c); this timescale matches the lifetime of the first-generation 222 
products that drive the initial reactivity of the product mixture. 223 
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Figure 4. Evolution of atmospheric lifetime against oxidation by OH (�•ox) and its impacts. (a) Time-dependent 225 
���]�•�š�Œ�]���µ�š�]�}�v���}�(���•ox �]�v���o�µ���]�v�P���µ�v�u�����•�µ�Œ�����������Œ���}�v���~�(�}�Œ���Á�Z�]���Z���•ox = 4 h) and (bottom panel) time-dependent trends in 226 
the carbon-weighted average �•ox. (b) Volatility distribution of carbon at two points in the experiment, denoted by 227 
arrows in panel (a), relatively early (top) and late (bottom) in the reaction. Volatility bins are ���}�o�}�Œ���������Ç���•ox with the 228 
same color scale as in panel a. Unmeasured carbon is assumed to be distributed evenly across c*= 102-104 µg m-3 229 
(hashed bars) for illustrative purposes. (c) Carbon-weighted average OH reactivity (assuming average OH 230 
concentration of 2×106 molec cm-3). Exponential fit (black dashed line) has a decay constant, �ì�Þ �À�„
$
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$
$
$
$, of 2.8 hours. 231 

Discussion 232 

By characterizing all the products formed in a complex oxidation system, we have demonstrated that 233 
atmospheric OC evolves through multi-generational oxidation to become sequestered in long-lived 234 
reservoirs of volatile gases and low-volatility particles. Initial oxidation occurs through the addition of 235 
functional groups to form pOC mass and large, intermediate-volatility gases, but upon further oxidation 236 
gas-phase products quickly fragment into high-volatility compounds. Particulate carbon and some 237 
oxidized volatile gases are resistant to further oxidation by OH, so carbon effectively becomes 238 
sequestered in these two pools. The present results data are limited to the oxidation of a single 239 
precursor hydrocarbon, under a limited set of reaction conditions, and other chemical systems may 240 
exhibit somewhat different behavior. However, known long-lived products (e.g., pOC, formic acid, CO, 241 
etc.) are formed by a wide range of oxidation systems, and longer-lived species will necessarily 242 
accumulate over the course of multiple generations of oxidation. Thus the general trends shown in Fig 4 243 
– the eventual decrease in reactivity and the bifurcation in volatility – are likely to be common features 244 
of the oxidation of most atmospheric organic species. 245 

The observed timescale for oxidative removal of reactive gases and formation of long-lived species has 246 
broad implications for understanding the fate of atmospheric OC on global and regional scales. Near 247 
emission sources, the diverse and complex mixture of functionalized gases formed from emissions are 248 
likely to comprise a significant fraction of suspended carbon, playing a critical role in particle growth, OH 249 
reactivity, and depositional loss.11,16,49–53 However, farther from emissions, IVOCs will be substantially 250 
depleted and most mass will be comprised of relatively few long-lived constituents, so composition and 251 
removal of OC in remote regions will be dominated by particles and C1-3 gases. Where an airmass is on 252 
the continuum between near- and far-field is a function of both the inherent timescales for oxidation of 253 
a given chemical system and the “average age” of the OC. Some approaches to quantify the average age 254 



of an airmass have been developed, but are generally limited to anthropogenically-influenced 255 
chemistries.54,55 The oxidation processes studied here compete with wet and dry deposition to 256 
determine the fate of atmospheric OC. The relative timescales of each govern the extent to which 257 
emitted carbon is deposited as lightly-functionalized species before being sequestered by oxidation. The 258 
timescales of oxidation measured in this work need to be complemented by better observational 259 
constraints on average age of OC and timescales of removal in order to improve understanding of the 260 
lifecycle and fate or OC under a range of atmospheric conditions. 261 

 262 

Methods 263 

Reaction conditions 264 

Studies were carried out using a fixed-volume temperature-controlled 7.5 m3 Teflon environmental 265 
chamber in which was mixed �r-�‰�]�v���v�����~�ò�ì���‰�‰���•�U�����u�u�}�v�]�µ�u���•�µ�o�(���š���������Œ�}�•�}�o���~�•�ó�ì���…�P���u-3), and a non-266 
reactive tracer used to measure dilution rate (hexafluorobenzene). Oxidant was introduced as HONO (50 267 
ppb) in the presence of ultraviolet light (300-400 nm) to produce OH radicals, or ozone (~350 ppb). 268 
Multi-generational oxidation occurred through the introduction of ~2 ppb/min HONO in the presence of 269 
ultraviolet light. All data are corrected for dilution due to instrument sampling. Reported particle mass 270 
concentration is corrected for loss to the walls using a rate calculated from the loss rate of seed particles 271 
prior to reaction. Additional details provided in the Supplementary Information Section S1. 272 

Measurements 273 

Four high-resolution �~�u�l�4�u���C���ð�ì�ì�ì�•��time-of-flight mass spectrometers (HTOF; Tofwerk AG) were used in 274 
this work: PTR-MS19,20 (Ionikon Analytik), two CIMS21 (Aerodyne Research Inc.) using I- and NO3

- as 275 
reagent ions,22–25 and an AMS18 (Aerodyne Research Inc.). The latter sampled downstream of a 276 
ThermalDenuder57 to measure volatility distribution of particles.  Two TILDAS58 (Aerodyne Research Inc.) 277 
instruments measured C1 compounds. Particle-phase composition was measured by the I- CIMS using a 278 
“FIGAERO” inlet.59 Particle size distributions measured by Scanning Mobility Particle Sizer (TSI Inc.) was 279 
converted to mass concentration by an assumed density. Detailed operation conditions and calibration 280 
methods are provided for all instruments in the Supplementary Information Section S1. Calibration and 281 
data analysis was performed where possible through previously published techniques and with 282 
commercially available software. Detailed information regarding the comprehensive calibration of I- 283 
CIMS data, and identification and quantification of known species in PTR-MS data are described in the 284 
Supplementary Information Sections S4-5. 285 

Concentrations and associated chemical properties (see below) are available upon request for all report 286 
species. 287 

Calculation of chemical parameters  288 

Gas-phase mass spectrometers measure individual ions with a known molecular formula, while the TD-289 
AMS provides bulk measurements of chemical properties. To explore chemical evolution, volatility must 290 
be inferred from molecular composition and vice-versa. Interconversion between c* and nC is based on 291 
previously published relationships.60 OSC is calculated from elemental composition.41  292 



Lifetime against atmospheric oxidation for a compound, i, is calculated from its rate constant for 293 

reaction with OH as �ì�â�º ,�Ü = 
k�G�¨�` ,�Ü[OH]
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$
$
$
$
$
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 assuming an average OH concentration of 2×106 molec cm-3: 294 
OH rate constants for known compounds (those labeled in Figures 1-2) are obtained from the NIST 295 
Chemical Kinetics Database.44 Rate constants for unidentified ions are calculated from molecular 296 
formula as described by Donahue and co-workers,45 which spans an atmospheric lifetime of 13 hours for 297 
small (high-volatility) gases to ~2 hours for larger (IVOC) gases. Lifetime of unmeasured mass is 298 
estimated from its time dependence (~4 hours, Figure S10). Carbon is assumed to be lost from the 299 
particle phase with a lifetime of 69 days, as determined by Kroll and co-workers,46 the conclusions in this 300 
work are insensitive to uncertainties in this value. 301 

Uncertainty in carbon closure 302 

Most uncertainties in all instrument calibrations are uncorrelated, so total uncertainty is calculated by 303 
adding in quadrature the uncertainty in each ion concentration. The largest source of uncertainty in the 304 
total measured concentration is in the calibration of the I- CIMS, which in this work is ~60% for total 305 
carbon concentration (see Supplementary Information Section S4), though expected to be reduced to 306 
20% in future work. The other main source of uncertainty in this work is the predicted bias in PTR 307 
measurements caused by the loss of carbon as neutral fragments in the mass spectrometer. Spectra of 308 
oxygenated and non-oxygenated compounds previously published61–64 and measured as part of this 309 
work demonstrate that compounds containing more than a few carbon atoms can lose 20% of their 310 
carbon as neutral fragments (Tables S1,2 in Supplementary Information Section S5). The consequent 311 
predicted underestimation of carbon measured as unknown PTR ions is represented in the asymmetry 312 
of the uncertainty estimate. Fragmentation during analysis is also expected to somewhat bias the 313 
chemical characterization of the product mixture toward ions with lower carbon numbers. This bias 314 
cannot explain the observed decrease in nC, as this trend is also observed in the I- CIMS, which does not 315 
undergo increased fragmentation with increasing oxidation. 316 

Gas-particle-wall partitioning 317 

Deposition of vapors to the walls was modeled as equilibrium gas-particle-wall partitioning of the 318 
observed carbon volatility distribution using parameters to match the conditions of these experiments, 319 
using a similar approach to that of La and coworkers.65 Details of this approach are provided in the 320 
Supplementary Information (Section S6). Briefly, the fraction of a volatility bin expected to be on the 321 
wall was modeled as a function of equilibration time with parameterized competition between, gas-wall 322 
partitioning, gas-particle partitioning, and reaction with OH to form a gas-phase product that does not 323 
partition. Time evolution of carbon on walls was simulated by modeled phase partitioning of the 324 
observed time-evolving volatility distribution of carbon. 325 
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