
MIT Open Access Articles

Chemical evolution of atmospheric organic 
carbon over multiple generations of oxidation

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Isaacman-VanWertz et al. “Chemical Evolution of Atmospheric Organic Carbon over 
Multiple Generations of Oxidation.” Nature Chemistry 10, no. 4 (February 26, 2018): 462–468.

As Published: http://dx.doi.org/10.1038/s41557-018-0002-2

Publisher: Nature Publishing Group

Persistent URL: http://hdl.handle.net/1721.1/119485

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of Use: Article is made available in accordance with the publisher's policy and may be 
subject to US copyright law. Please refer to the publisher's site for terms of use.

https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/119485


Chemical evolution of atmospheric organic carbon over multiple 1 

generations of oxidation 2 

Gabriel Isaacman-VanWertz1,2*, Paola Massoli3, Rachel O'Brien1, Christopher Lim1, Jonathan P. Franklin1, 3 

Joshua A. Moss1, James F. Hunter1, John B. Nowak3,#, Manjula R. Canagaratna3, Pawel K. Misztal4, Caleb 4 

Arata4, Joseph R. Roscioli3, Scott T. Herndon3, Timothy B. Onasch3, Andrew T. Lambe3, John T. Jayne3, 5 

Luping Su5, Daniel A. Knopf5, Allen H. Goldstein4, Douglas R. Worsnop3, Jesse H. Kroll1* 6 

1Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, 7 

Massachusetts 02139, USA 8 

2Department of Civil and Environmental Engineering, Virginia Tech, Blacksburg, Virginia 24061, USA 9 

3Aerodyne Research Inc., Billerica, Massachusetts 01821, USA 10 

4Department of Environmental Science, Policy, and Management, University of California, Berkeley, 11 

California 94720, USA 12 

5School of Marine and Atmospheric Sciences, Stony Brook University, Stony Brook, New York 11794, USA 13 

#Now at NASA Langley Research Center, Hampton, VA 23681, USA 14 

 15 

Table of Contents Summary: We quantify and characterize nearly all organic carbon in a highly complex 16 

evolving atmospheric system: the multi-generational oxidation of a-pinene. We observe that initial 17 

addition of functional groups quickly gives way to fragmentation reactions, with organic carbon 18 

ultimately becoming sequestered in chemically-resistant reservoirs: organic aerosol and long-lived gas-19 

phase species. 20 

 21 

Abstract 22 

The evolution of atmospheric organic carbon (OC) as it undergoes oxidation has a controlling influence 23 

on concentrations of key atmospheric species, including particulate matter, ozone, and oxidants. 24 

However, full characterization of OC over hours to days of atmospheric processing has been stymied by 25 

its extreme chemical complexity.  Here we study the multigenerational oxidation of α-pinene in the 26 

laboratory, characterizing products with several state-of-the-art analytical techniques. While 27 

quantification of some early-generation products remains elusive, full carbon closure is achieved (within 28 

measurement uncertainty) by the end of the experiments. These results provide new insights into the 29 

effects of oxidation on OC properties (volatility, oxidation state, and reactivity) and the atmospheric 30 

lifecycle of OC. Following an initial period characterized by functionalization reactions and particle 31 

growth, fragmentation reactions dominate, forming smaller species. After approximately one day of 32 

atmospheric aging, most carbon is sequestered in two long-lived reservoirs, volatile oxidized gases and 33 

low-volatility particulate matter.  34 



Organic compounds play a central role in the chemistry of the atmosphere, by contributing to ozone 35 

formation,1,2 serving as the primary sink for oxidants in the atmosphere,3,4 and constituting a substantial 36 

fraction of global submicron particulate matter.5,6 Organic carbon (OC) enters the atmosphere primarily 37 

as high-volatility gases. Oxidation of these compounds yields a large number of products, including 38 

organic species in the gas phase (gas-phase OC, gOC), organic species in the condensed phase (particle-39 

phase OC, pOC), and inorganic carbon-containing species (CO and CO2). All of these products (other than 40 

CO2) may themselves undergo further oxidation, continuing this process over multiple generations to 41 

produce a highly complex, chemically dynamic mixture of compounds that spans a wide range in 42 

chemical composition and properties (e.g., volatility).7–11 Oxidation continues until OC is either 43 

converted to CO2, or removed from the atmosphere through deposition to the Earth’s surface, thereby 44 

transporting a wide range of organic compounds into other components of the Earth system. Our ability 45 

to track the oxidative evolution of OC over its entire atmospheric lifetime therefore controls not only 46 

our ability to understand critical issues in air quality and atmospheric chemistry, but ultimately to 47 

understand the impacts of organic emissions on human health, ecosystems, and Earth’s climate. 48 

The comprehensive measurement of all oxidation products from a given chemical system has been 49 

elusive due to the analytical challenges associated with detecting, characterizing, and quantifying 50 

compounds within complex organic mixtures. Only studies of the simplest organic compounds have 51 

achieved “carbon closure,” fully characterizing the product mixture throughout oxidation.12 For larger 52 

species, a large fraction of the products has remained unmeasured and/or uncharacterized, even in the 53 

early stages of reaction (first 1-2 generations of oxidation).13,14 As a result, there is substantial 54 

uncertainty as to the fate and impact of OC over timescales longer than several hours after emission. For 55 

example, the possibility of substantial unmeasured “pools” of OC has major implications for the 56 

formation of particle-phase mass through the gas-to-particle partitioning of condensable gases. It has 57 

traditionally been assumed that such unmeasured carbon will not condense to contribute to particle-58 

phase mass. However, if instead unmeasured carbon in laboratory experiments is irreversibly lost to 59 

chamber walls via vapor deposition15 or reacts over multiple generations to form lower-volatility 60 

gases,9,16 then formation of pOC from many precursors may be substantially higher than currently 61 

estimated. The properties and reactivity of organic oxidation products formed over multiple generations 62 

will also impact ozone production, removal pathways (e.g. wet and dry deposition) of pollutants, and 63 

reactivity and cycling of oxidants. A quantitative, predictive description of these processes across spatial 64 

scales therefore relies critically on the measurement of the chemistry of such species, and more 65 

generally on our ability to measure and track all OC in a reactive system. 66 

Here, we apply recent advances in analytical instrumentation to characterize the full mixture of products 67 

formed in hydrocarbon oxidation with the goal of achieving carbon closure, enabling a more complete 68 

understanding of the chemical properties and transformation processes of atmospheric OC. We access 69 

the entire range of expected chemical properties of suspended products17 with an array of state-of-the-70 

art analytical instruments: an aerosol mass spectrometer18 (TD-AMS) and scanning mobility particle sizer 71 

(SMPS) to measure pOC with volatility resolution, a proton transfer reaction mass spectrometer19,20 72 

(PTR-MS) and two chemical ionization mass spectrometers21 (I- CIMS and NO3
- CIMS22–25) to measure 73 

gOC, and two tunable infrared laser differential absorption spectrometers (TILDAS) to measure C1 74 

compounds (CO, formaldehyde, and formic acid). We combine the data from these instruments to 75 

present a unified, time-resolved description of the chemical composition of two oxidation systems: 76 

initial oxidation of α-pinene (a monoterpene) through photooxidation by hydroxyl radicals (OH) in the 77 



presence of NO, and ozonolysis in the absence of NO, followed in both cases by continued high-NO OH 78 

oxidation. All experiments were performed at 20 oC and low relative humidity (<5%); see Methods and 79 

Supplementary Sect. 1 for details on reaction conditions and instrument operation, calibration, and 80 

uncertainty. These systems were chosen because their initial chemistry has been subject to extensive 81 

theoretical and experimental characterization,26–28 but the subsequent multi-generational oxidation 82 

(“aging”) of the reaction mixture (particularly gOC) has received substantially less study.29 By the end of 83 

the experiments, all carbon is measured to within experimental uncertainties, enabling a coherent and 84 

detailed picture of the chemical evolution of the product mixture, and providing new insights into the 85 

lifecycle and fate of atmospheric OC. 86 

Results 87 

Carbon closure 88 

All products measured in the OH-initiated oxidation of α-pinene are shown in Fig. 1. Results are 89 

qualitatively similar to those in the ozonolysis experiment, so ozonolysis results are given in 90 

Supplementary Sect. 5. Initial reaction of α-pinene is immediately accompanied by a concomitant rise in 91 

in both gOC and pOC oxidation products. Particle-phase OC is formed in the first generations of 92 

oxidation, with only minor additional formation after the α-pinene is fully consumed, and accounts for 93 

14±3% of the total carbon by the end of the experiment (~24 hours of equivalent daytime atmospheric 94 

oxidation). We focus our characterization of pOC on average chemical properties and volatility 95 

distributions, providing an ensemble description of the aerosol, while composition of gOC is 96 

characterized by individual species. Identified gas-phase products are CO, formaldehyde, formic acid, 97 

acetic acid, acetone, and pinonaldehyde. Concentrations of each identified product vary over the course 98 

of the experiment, but in total account for 41±5% of the carbon by the end. CO2 is not measured here 99 

but is expected to be similar in concentration to CO (~4%).30  100 

In addition to known compounds, chemical species measured include a large number of “unidentified” 101 

gas-phase reaction products, detected by the gas-phase mass spectrometers as 310 ions. Structures for 102 

these ions cannot be unambiguously assigned, but molecular formulas are known, from which chemical 103 

properties (e.g. volatility) can be estimated using group contribution methods.31 These unidentified 104 

species comprise 46±17% of the carbon at the end of the experiment, most of which is measured by 105 

PTR-MS and I- CIMS. Species measured by the NO3
- CIMS (extremely low volatility, highly oxidized 106 

gases)32 account for <0.5% of the total carbon, and so are not included in Fig. 1. The overlap between 107 

carbon measured by each instrument is minor, with ions of the same formulas measured by different 108 

instruments accounting for less than 20 ppbC (4% of carbon, see Methods). The dominant single 109 

contributor to unidentified carbon is C3H4O4 (yield of ~5%, measured by I- CIMS), which has previously 110 

been observed in the atmosphere and identified as malonic acid;33 however, its ion cluster strength 111 

(Supplementary Fig. 1) indicates that it is not malonic acid but rather some isomer (or combination of 112 

isomers) thereof (e.g., the modeled pinene oxidation product 3-oxo-peroxypropanoic acid34). This 113 

highlights the need for new measurements that provide information on molecular structure and 114 

improved characterization of these unidentified species.35 Off-line techniques that would provide this 115 

information (e.g. tandem mass spectrometry) tend not to be adapted for the direct analysis of these 116 

gas-phase compounds, which may undergo chemical transformations upon collection or extraction.  117 

The total measured carbon yield is 102±20% (1σ) by the end of the experiment. Calibrations of individual 118 

ions are relatively uncertain (e.g., a factor of 2.5 per ion in the I- CIMS) because authentic standards are 119 



not available for most species. However, uncertainties in each ion are primarily due to random 120 

deviations from average calibration relationships rather than systematic bias; relative uncertainty for 121 

total measured carbon is therefore lower than that for any given ion and is calculated by the quadrature 122 

addition of individual absolute uncertainties. The contributions of each instrument to total uncertainty is 123 

provided in the Methods, and given in detail in Supplementary Table 1. “Carbon closure” is achieved in 124 

this experiment within measurement uncertainties, allowing for a more comprehensive characterization 125 

of the evolving carbon distribution over these timescales than previously possible. This also indicates 126 

that the loss of condensable carbon to chamber walls or other surfaces is not a major sink for reaction 127 

products in this experiment, as expected given the fast rate of oxidation and the use of seed particles as 128 

a condensation sink,36–38 and supported by modeled gas-particle-wall partitioning (Supplementary Sect. 129 

4). 130 

Not all carbon is measured throughout the entire experiment; some “missing” carbon (up to ~40%) is 131 

unmeasured early in the experiment. The time dependence of this unmeasured carbon suggests it is 132 

made up of early-generation products that quickly react away (with a ~4h timescale) to yield measured 133 

products, leading to the observed carbon closure by the end of the experiment. These unmeasured 134 

species may be compounds that are not readily detected by the instrument suite. For example, the one 135 

peak in the I- CIMS mass spectrum that is above the detection limit but substantially below the threshold 136 

for reliable instrument calibration (and hence not included in Fig. 1) is C10H17NO4 (Supplementary Fig. 2). 137 

This likely corresponds to α-pinene hydroxynitrate, a first-generation oxidation product known to be 138 

formed in high yields (~15%), but that is not sensitively measured by any of the present instruments.27,39 139 

Importantly, the temporal behavior and ion intensity of this species (after applying an approximate 140 

calibration factor40) matches the unmeasured carbon well (Supplementary Sect. 4). “Missing” carbon is 141 

also observed in the ozonolysis experiment (Supplementary Sect. 5), for which no nitrate formation is 142 

expected, so it appears that this instrument suite is not generally sensitive to lightly-oxidized, lower-143 

volatility gases, leading to poor carbon closure in the early generations of oxidation. In addition to 144 

undetected or poorly-detected ions, unmeasured carbon may include underestimation of low-sensitivity 145 

isomers of detected ions, which is particularly likely for isomers of lightly functionalized ions 146 

(Supplementary Sect. 2). Early-generation compounds, comprising gases of relatively low volatility, may 147 

also reversibly partition to reactor or inlet walls41 and re-volatilize upon reaction of their gas-phase 148 

component with OH, which could also contribute to unmeasured carbon early in the experiment. Thus, 149 

despite uncertainties related to its molecular identity, the unmeasured carbon is likely comprised of 150 

lightly oxidized, relatively low volatility gas-phase products. Indeed, this unmeasured carbon correlates 151 

well with the least-oxygenated measured ions (Supplementary Fig. 4). Moreover, the majority of the OC 152 

(and all of it by the end of the experiment) is quantified and characterized by chemical properties and 153 

formulas, providing a unique opportunity to examine the evolution of the composition and chemistry of 154 

OC over multiple generations of oxidation.  155 

Evolving properties of the carbon 156 

The changing composition of this complex mixture with oxidation is shown in Fig. 2, as three 157 

“snapshots” of the product distribution in terms of carbon oxidation state (OSC
̅̅ ̅̅ ̅), vs. volatility (expressed 158 

as saturation concentration, c*), often referred to as the “two-dimensional volatility basis set”.10,42 159 

Carbon in the first hour of the experiment (Fig. 2a) is dominated by the precursor, α-pinene, and the 160 

formation of products with intermediate volatility (c* = 103-106 µg m-3), as well as some higher-volatility 161 

gases (e.g., acetone, acetic acid), and particle-phase mass. By the end of the initial oxidation, after 162 



nearly all α-pinene has reacted (Fig. 2b), the product mixture spans a wide range of volatilities and 163 

oxidation states. Upon further oxidation (Fig. 2c), the distribution of products changes further, indicating 164 

the importance of continuing oxidation chemistry beyond the initial α-pinene oxidation.  165 

In this chemically dynamic system, the behavior of different products is determined by both their 166 

formation pathways and their lifetime versus further oxidation by OH. Some early-generation products, 167 

including most intermediate-volatility organic compounds (IVOCs; e.g., pinonaldehyde and multi-168 

functional nitrates), exhibit rapid decreases in concentration after formation, consistent with their high 169 

reactivity.43,44 By contrast, concentrations of some of the volatile compounds (e.g., CO and acetone) 170 

consistently increase throughout the experiment. These are formed both from the initial oxidation of α-171 

pinene as well as from the multigenerational oxidation of reaction products, and their slow reaction 172 

rates with OH preclude any significant decay over the timescales of the experiment. This category of 173 

less-reactive products also includes pOC, which increases throughout the experiment with only relatively 174 

minor changes in average properties, consistent with the long lifetime of particulate carbon against 175 

heterogeneous oxidation by gas-phase oxidants.45,46 176 

The evolution of the organic mixture as a whole can be described in terms of changes to key chemical 177 

properties of the measured products. Figure 3 shows the evolving distributions of three such properties: 178 

carbon number (nC), OSC
̅̅ ̅̅ ̅, and c*. The nC of observed products (Fig. 3a) exhibits a clear and dramatic 179 

change with oxidation: C10 species make up a large fraction (~50%, likely an underestimate since the 180 

early-generation unmeasured species are expected to be C10), indicating the importance of 181 

functionalization reactions (addition of oxygen-containing groups) early in the reaction. These reactions 182 

contribute to the early formation of pOC via gas-to-particle conversion and in-particle accretion 183 

reactions that yield low volatility products. However, trends in chemical properties are dominated by 184 

gOC, which is the majority fraction of carbon. (The individual trends for pOC and gOC are shown in 185 

Supplementary Fig. 6). Further oxidation depletes gas-phase C10 compounds, which account for only 12% 186 

of the carbon by the end of the experiment. Their oxidation produces species with smaller carbon 187 

numbers (in particular C1-3), suggesting that later-generation oxidation is dominated by fragmentation 188 

reactions. The OSC
̅̅ ̅̅ ̅ distribution of the product mixture (Fig. 3b) is initially dominated by species with low 189 

(<-0.5) oxidation states, but further oxidation leads to the formation of higher oxidation state products, 190 

including very oxidized products with oxidation state > +1 (e.g. formic acid and CO) and a few less-191 

oxidized species (mostly acetone).  192 

The volatility distribution (Fig. 3c) also undergoes major changes. Initial product carbon is dominated by 193 

gas-phase IVOCs, C10 products formed by the addition of 1-3 functional groups to the carbon skeleton of 194 

the precursor. An early drop in volatility is observed because initially formed products include low-195 

volatility pOC, which is measured, and intermediate-volatility gOC, which is partly unmeasured. As gas-196 

phase species oxidize, the distribution of volatilities shifts away from IVOCs, toward both higher- and 197 

lower-volatility products. By the end of the experiment, IVOCs represent a small fraction of the total 198 

carbon, which is instead dominated by high-volatility gases (formed from fragmentation reactions) or 199 

pOC (formed mostly from functionalization reactions). The trends observed in Fig. 3 are further 200 

enhanced by including α-pinene (Supplementary Fig. 6) or unmeasured species, as those have chemical 201 

properties similar to early-generation products (large, moderately volatile, and lightly oxidized). 202 

Ozonolysis experiment exhibits the same trends as the photooxidation, but with fewer changes during 203 

the initial oxidation, since the initial reaction ceases after the oxidation of the double bonds. 204 



The evolution of the organic mixture, in which the early-generation species (mostly large, lightly-205 

oxidized, intermediate-volatility species) react to form small, volatile species in the gas phase and low-206 

volatility species in the particle phase, has important implications for the evolving reactivity and lifetime 207 

of atmospheric OC. Figure 4a shows the changes to the distribution of the atmospheric lifetime against 208 

reaction with OH (τox) of the product mixture. Functionalized IVOCs generally have lifetimes of only 3-9 209 

hours, so the lifetimes of initial products are generally short.45 Unmeasured carbon, representing one or 210 

a distribution of several such compounds, is included in Fig. 4 with a lifetime of the observed decay 211 

timescale (~4 hours, time-dependence of unmeasured mass shown in Supplementary Fig. 9).   212 

While the initial IVOC products are short lived with respect to oxidation, other products are extremely 213 

long-lived, such as CO (τox = 39 days47), acetone (τox = 34 days48), and pOC (τox = 69 days46). Over the 214 

course of the experiment, the IVOCs react away and these longer-lived species continue to grow in, 215 

increasing the average lifetime of products in the mixture from 5 hours to 2 days. By the end of the 216 

experiment, more than half of the carbon is in species that are sufficiently long-lived (τox > 20 hrs) to be 217 

unreactive on the timescale of the experiment. This tendency toward long-lived species is a natural 218 

consequence of any multigenerational reaction system, since less-reactive products represent “kinetic 219 

bottlenecks” and hence will necessarily accumulate. Reversible deposition to walls may impact the 220 

timescale of the reaction in this work by temporarily sequestering some reactive carbon from oxidation 221 

by OH, but these processes will not substantially diminish the kinetic tendency toward less-reactive 222 

products. In the present system, this tendency is closely correlated with the evolving volatility 223 

distributions, since long-lived species tend either to be small gas-phase oxygenates (e.g., CO, acetone), 224 

or present in the condensed phase (as pOC). Thus, within approximately a day of atmospheric aging of 225 

this system, the volatility distribution of the product mixture becomes bimodal, dominated by particles 226 

and long-lived high-volatility gases (Fig. 4b). This decrease in reactivity through sequestration of carbon 227 

in “low-reactivity pools” occurs roughly exponentially, with a characteristic time of ~3 hours (Fig. 4c); 228 

this timescale matches the approximate lifetime of the first-generation products that drive the initial 229 

reactivity of the product mixture. Chemical systems are expected to vary in their timescales and 230 

composition depending on reaction rates of reactants and products, and the impacts of other chemical 231 

processes (e.g. aqueous and multi-phase reactions), but the tendency toward long-lived products is 232 

expected for most atmospheric systems. 233 

 234 

Discussion 235 

By characterizing nearly all the products formed in a complex chemical system in terms of their 236 

molecular formulas and physicochemical properties, we have been able to examine the products and 237 

evolution of atmospheric OC through multi-generational oxidation. Initial oxidation occurs through the 238 

addition of functional groups to form pOC mass and large, intermediate-volatility gases, but upon 239 

further oxidation gas-phase products quickly fragment into high-volatility compounds. Particulate 240 

carbon and some oxidized volatile gases are resistant to further oxidation by OH, so carbon effectively 241 

becomes sequestered in these two pools. The present results are limited to the oxidation of a single 242 

precursor hydrocarbon, under a limited set of reaction conditions, and other chemical systems may 243 

exhibit somewhat different behavior. However, known long-lived products (e.g., pOC, formic acid, CO, 244 

etc.) are formed by a wide range of oxidation systems, and longer-lived species will necessarily 245 

accumulate over the course of multiple generations of oxidation. Thus the general trends shown in Fig. 4 246 



– the eventual decrease in reactivity and the bifurcation in volatility – are likely to be common features 247 

of the oxidation of most atmospheric organic species. Ambient processes that are not captured by these 248 

experiments (e.g. aqueous-phase reactions, in-particle secondary chemistry,49 reactive uptake of soluble 249 

gases such as those formed from isoprene oxidation50,51) may increase the oxidation or fragmentation of 250 

pOC or alter chemical pathways. This would shift the relative balance between condensed-phase and 251 

high-volatility long-lived reservoirs, but is unlikely to substantially increase or change the trend in the 252 

overall reactivity of OC. 253 

The observed timescale for oxidative removal of reactive gases and formation of long-lived species has 254 

broad implications for understanding the fate of atmospheric OC on global and regional scales. Near 255 

emission sources, the diverse and complex mixture of functionalized gases formed from emissions are 256 

likely to comprise a significant fraction of suspended carbon, playing a critical role in particle growth, OH 257 

reactivity, and depositional loss.11,16,52–56 However, farther from emissions, IVOCs will be substantially 258 

depleted and most mass will be comprised of relatively few long-lived constituents, so composition and 259 

removal of OC in remote regions will be dominated by particles and C1-3 gases. Where an airmass is on 260 

the continuum between near- and far-field is a function of both the inherent timescales for oxidation of 261 

a given chemical system and the “average age” of the OC. Some approaches to quantify the average age 262 

of an airmass have been developed, but are generally limited to anthropogenically-influenced 263 

chemistries.57,58 The fate of atmospheric OC is determined by the competition between the oxidation 264 

reactions studied, other chemical processes (e.g. aqueous-phase reactions) that may modify the 265 

oxidation pathways, and deposition. The relative timescales of each govern the extent to which emitted 266 

carbon is deposited as lightly-functionalized species before being sequestered by oxidation. The 267 

timescales of oxidation measured in this work therefore need to be complemented by better 268 

observational constraints on average age of OC and timescales of removal in order to improve 269 

understanding of the lifecycle and fate of OC under a range of atmospheric conditions. 270 

 271 

Methods 272 

Reaction conditions 273 

Studies were carried out using a fixed-volume temperature-controlled 7.5 m3 Teflon environmental 274 

chamber in which was mixed α-pinene (60 ppb), ammonium sulfate aerosol (~70 μg m-3), and a non-275 

reactive tracer used to measure dilution rate (hexafluorobenzene). Oxidant was introduced as ozone 276 

(~350 ppb), or HONO (50 ppb) in the presence of ultraviolet light (300-400 nm) to produce OH radicals. 277 

Multi-generational oxidation was initiated 4.5 hours after initial oxidation, through the introduction of 278 

~2 ppb/min HONO in the presence of ultraviolet light. Reactions were carried out at 20 oC and low 279 

relative humidity (<5%). All data are corrected for dilution due to instrument sampling. Reported particle 280 

mass concentrations are corrected for loss to the walls using a rate calculated from the loss rate of seed 281 

particles prior to reaction. Additional details are provided in Supplementary Sect. 1. 282 

Measurements 283 

Detailed operation conditions and calibration methods are provided for all instruments in 284 

Supplementary Sect. 1. Four high-resolution (m/Δm ≈ 4000) time-of-flight mass spectrometers (HTOF; 285 

Tofwerk AG) were used in this work: gas-phase composition was measured by PTR-MS19,20 (Ionikon 286 



Analytik) and two CIMS21 (Aerodyne Research Inc.) using I- and NO3
- as reagent ions,22–25 and particle-287 

phase composition was measured by an AMS18 (Aerodyne Research Inc.). The latter sampled 288 

downstream of a Thermal Denuder59 to measure volatility distribution of particles. Two TILDAS60 289 

(Aerodyne Research Inc.) instruments measured C1 compounds. Particle size distributions measured by 290 

Scanning Mobility Particle Sizer (TSI Inc.) were converted to mass concentration using an assumed 291 

density of 1.4 g cm-3, and converted to carbon concentration via AMS-measured O:C and H:C ratios.61 292 

pOC is characterized by average properties of TD-AMS volatility bins. Particle-phase composition was 293 

also measured by the I- CIMS using a “FIGAERO” inlet. Due to decomposition during thermal desorption, 294 

this instrument is also limited to characterization of pOC by average properties, which are found to be 295 

similar to measurements by AMS in concentration, elemental composition, carbon number, and 296 

volatility. All pOC data shown in Figs. 1-4 are consequently from TD-AMS, as it has higher time resolution 297 

and lower uncertainty.62 Further detail on pOC composition is discussed in Supplementary Sects. 2 and 298 

4. Calibration and data analysis was performed where possible through previously published techniques 299 

and with commercially available software. Detailed information regarding the comprehensive 300 

calibration of I- CIMS data, and identification and quantification of species in PTR-MS data are described 301 

in Supplementary Information Sects. 2 and 3. 302 

Calculation of chemical parameters  303 

Gas-phase mass spectrometers measure individual ions with a known molecular formula, while the TD-304 

AMS provides bulk measurements of chemical properties. To explore chemical evolution, volatility is 305 

inferred from molecular composition and vice-versa based on the approach of Daumit et al.31 that 306 

relates c* to nC and elemental ratios (e.g. those measured by the AMS). OSC
̅̅ ̅̅ ̅ is calculated from 307 

elemental ratios.42  308 

Lifetime against atmospheric oxidation for a compound, i, is calculated from its rate constant for 309 

reaction with OH as 𝜏𝑜𝑥,𝑖 = (𝑘𝑂𝐻,𝑖[OH]̅̅ ̅̅ ̅̅ )
−1

 assuming an average OH concentration of 2×106 molec cm-3: 310 

OH rate constants for known compounds (those labeled in Figs. 1 and 2) are obtained from the NIST 311 

Chemical Kinetics Database.44 Rate constants for unidentified ions are calculated from molecular 312 

formula as described by Donahue and co-workers,45 which spans an atmospheric lifetime of 13 hours for 313 

small (high-volatility) gases to ~2 hours for larger, lower volatility (e.g., IVOC) gases. Lifetime of 314 

unmeasured mass is estimated from its time dependence (~4 hours, Supplementary Fig. 9). Carbon is 315 

assumed to be lost from the particle phase with a lifetime of 69 days, as determined by Kroll and co-316 

workers;46 the conclusions in this work are insensitive to uncertainties in this value. 317 

Uncertainty in carbon closure 318 

Most uncertainties in all instrument calibrations introduce random error, not bias. Total uncertainty is 319 

consequently calculated by adding in quadrature the absolute uncertainty in each ion concentration. 320 

Relative uncertainty in total measured carbon is thus lower than the relative uncertainty of any given 321 

ion. Instrument, and total uncertainties are provided in Supplementary Tables 1 and 2. The largest 322 

source of uncertainty in the total measured concentration is in the calibration of the I- CIMS, which in 323 

this work is ~60% for its total carbon concentration (see Supplementary Sect. 4), though expected to be 324 

reduced to 20% in future work. The other main source of uncertainty in this work is the predicted bias in 325 

PTR measurements caused by the loss of carbon as neutral fragments in the mass spectrometer. Spectra 326 

of oxygenated and non-oxygenated compounds previously published and measured as part of this work 327 



demonstrate that compounds containing more than a few carbon atoms can lose 20% of their carbon as 328 

neutral fragments leading to potential underestimation and asymmetry in uncertainty estimates (see 329 

Supplementary Sect. 3). Fragmentation during analysis is also expected to somewhat bias the chemical 330 

characterization of the product mixture toward ions with lower carbon numbers. This bias cannot 331 

explain the observed decrease in nC, as this trend is also observed in the I- CIMS, which does not undergo 332 

increased fragmentation of more oxidized ions. The contribution of each instrument to total uncertainty 333 

in measured carbon is weighted by the fraction of carbon measured, which mitigates the relatively high 334 

uncertainty in I- CIMS calibration due to its minority contribution to total measured carbon. The 335 

uncertainty in total carbon contributed by each instrument is: ±16% from I- CIMS, ±1% from NO3
- CIMS, 336 

%−  7
+11  from PTR-MS, ±1% from TILDAS, and ±3% from AMS/SMPS. Overall uncertainty in total measured 337 

carbon is ±20%; details provided in Supplementary Table 1. 338 

Carbon closure is not substantially impacted by overlap between carbon measured by multiple 339 

instruments. The estimated overlap is 20 ppbC, which accounts for known possible transformations in 340 

instruments (e.g. dehydration in the PTR-MS). Though not all possible transformations are well known or 341 

constrained, this estimate of multiply-measured carbon is likely an overestimate in that it does not 342 

consider time-dependence of ions; even ions measured by multiple instruments that do not correlate, 343 

which would represent different isomers, are included in the reported overlap. 344 

Gas-particle-wall partitioning 345 

Deposition of vapors to the walls was modeled as equilibrium gas-particle-wall partitioning of the 346 

observed carbon volatility distribution using parameters to match the conditions of these experiments, 347 

using a similar approach to that of La and coworkers.63 Briefly, the fraction of a volatility bin expected to 348 

be on the wall was modeled as a function of equilibration time, with parameterized competition 349 

between gas-wall partitioning, gas-particle partitioning, and reaction with OH to form a gas-phase 350 

product that does not partition. Time evolution of carbon on walls was simulated by modeled phase 351 

partitioning of the observed time-evolving volatility distribution of carbon. Details of these calculations 352 

are provided in Supplementary Sect. 4. 353 

Data Availability 354 

A list of all ions measured in this work are provided in online as Supplementary Data 1. Time-resolved 355 

concentrations of all ions throughout the photooxidation and ozonolysis experiments (shown in Figures 356 

1 and 2, forming the basis for Figures 3 and 4) are available by contacting the corresponding authors. 357 
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 535 

Figure 1. Measured carbon in the photooxidation of α-pinene, characterized by molecular formula. Each 536 
product ion of α-pinene (dark gray) is colored by the instrument by which it was measured (green: 537 
AMS/SMPS, purple: PTR-MS, light gray: TILDAS, orange: I- CIMS). Unlabeled species measured by TILDAS 538 
are formic acid and formaldehyde. Uncertainty range for each instrument shown on right. Carbon 539 
closure is achieved within measurement uncertainty (102±20%) with expected carbon in the system 540 
(light gray dashed line at ~550 ppbC, which accounts for dilution of the precursor), providing an 541 
unprecedented opportunity to study the complete chemical evolution of atmospheric oxidation 542 
processes. All concentrations are corrected for dilution; pOC is also corrected for particle deposition to 543 
the chamber walls. Bottom panel: modeled OH concentration (red line) and approximate photochemical 544 
age in the atmosphere (blue dashed line), assuming an average atmospheric OH concentration of 2×106 545 
molec cm-3. The corresponding plot for the α-pinene ozonolysis experiment is given in Supplementary 546 
Fig. 6. 547 

Figure 2. Chemical characterization of carbon measured in the photooxidation of α-pinene in terms of 548 
OSC
̅̅ ̅̅ ̅ and c*, commonly used for simplified representation of atmospheric organic carbon. These 549 
measurements illustrate the highly dynamic nature of the chemical system. Circle area is proportional to 550 
carbon concentration. Hollow: α-pinene, light gray: gas-phase species, dark gray: pOC, shown at average 551 
OSC
̅̅ ̅̅ ̅ of each volatility bin measured by TD-AMS. Gas-phase species containing nitrate groups (defined as 552 
containing nitrogen and ≥3 oxygen atoms) are outlined. Distributions are provided after approximately 553 
(a) 1 hour, (b) 4 hours, and (c) 24 hours of equivalent atmospheric age. Some products are observed to 554 
increase in concentration throughout the experiment (e.g., CO), while others form and are then 555 
depleted (e.g., pinonaldehyde), demonstrating differences in reactivity and lifetime drive the dominant 556 
formation of less-reactive products. The full time evolution of these data is available as online as 557 
Supplementary Videos 1 and 2.  558 

mailto:ivw@vt.edu
mailto:jhkroll@mit.edu


Figure 3. Distribution of key chemical properties of gas- and particle-phase products during the 559 
photooxidation of a-pinene: (a) number of carbon atoms, nC, (b) oxidation state of carbon, 𝑂𝑆𝐶

̅̅ ̅̅ ̅, and (c) 560 
volatility in terms of saturation concentration, c*, each denoted by the color scale shown. The 561 
properties of only the measured oxidation products (and not of the α-pinene precursor or the 562 
“unmeasured” carbon) are shown; the plots in which α-pinene is included is provided in Supplementary 563 
Fig. 6. Evolution of distributions and carbon-weighted averages of each property (bottom panels) 564 
demonstrate several general trends in atmospheric oxidation: initial formation of pOC and lightly-565 
oxygenated moderately-volatile products, followed by fragmentation of gases to yield small oxygenated 566 
compounds.  567 

Figure 4. Changes in atmospheric lifetime and reactivity through multigenerational oxidation of a-568 
pinene. (a) Time-dependent distribution of atmospheric lifetime against oxidation by OH (τox) including 569 
unmeasured carbon (for which assumed τox = 4 h). Average trend shown in bottom panel. (b) The 570 
volatility distribution of carbon at two points in the experiment. Times shown are denoted by arrows in 571 
panel (a): relatively early (top) and late (bottom) in the reaction. Volatility bins are colored by τox with 572 
the same color scale as in panel a. Unmeasured carbon is assumed to be distributed evenly across c*= 573 
102-104 µg m-3 (hashed bars) for illustrative purposes. (c) Carbon-weighted average OH reactivity 574 
(assuming average OH concentration of 2×106 molec cm-3). Exponential fit (black dashed line) has a 575 
decay constant, 𝜏𝑘𝑂𝐻̅̅ ̅̅ ̅̅ , of 2.8 hours. The average observed trend of increasing lifetime is shown to lead to 576 

the sequestration of carbon into high- and low-volatility reservoirs of low-reactivity carbon (small 577 
oxygenated gases and pOC, respectively) and a rapid decrease in overall reactivity. 578 
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1. Instrumentation and uncertainty 39 

1.1. Operating conditions 40 

Reaction chamber 41 

A 7.5 m3 fixed-volume Teflon environmental chamber (Ingeniven LLC) was filled with clean air generated 42 

on site (Aadco 737-13 Pure Air Generator). Seed aerosol was introduced by atomizing a 1 g L-1 solution 43 

of ammonium sulfate (TSI Aerosol Generator 3076) and sending the resulting particles to the chamber 44 

through a dryer and Po-210 static eliminator (NRD LLC). Liquid injection was used to introduce both the 45 

pure precursor compound and a hexafluorobenzene, a non-reactive tracer used to measure dilution rate 46 

(both >99% purity, Sigma-Aldrich). After allowing 20 minutes for mixing, oxidant or oxidant precursor 47 

was added. For ozonolysis, approximately 350 ppb ozone was added using an ozone generator (Model 48 

600, Jelight Company Inc.) supplied with pure O2 (4.9, Airgas). For photooxidation, HONO was generated 49 

in-situ through addition of H2SO4 (1 M) to a NaNO3 (1 M). After all reagents were allowed to mix, the 50 

ultraviolet lights were turned on to initiate reaction; lights have a typical blacklight spectrum (maximum 51 

emission at ~350 nm) and an intensity that yields a value for JNO2 of 0.06-0.08 min-1. All experiments 52 

were performed at 20 oC and very low relative humidity (<5%). Additional detail regarding general 53 

operation of this chamber is reported by Hunter et al.1 OH concentrations were estimated using the 54 

F0AM model.2 55 

The reaction chamber was maintained at slight positive pressure (20-40 mbar) through the addition of 56 

clean air to compensate for instrument sampling. A constant dilution flow of 10 lpm was supplied, 57 

leading to an expected dilution rate of ~2×10-5 s-1, in agreement with that determined from tracer 58 

concentrations. The wall loss rate of seed particles prior to reaction was confirmed by the loss rate of 59 

particles at the end of the experiment when the organic-to-sulfate ratio is stable (indicating no 60 

production of particles). Particle loss rate was 8×10-5 s-1 during photoxidation and 5×10-5 s-1 during 61 

ozonolysis.  62 

All high-resolution time-of-flight mass spectrometers used in this work (I- CIMS, PTR-MS, NO3
- CIMS, TD-63 

AMS) have a mass resolution of m/Δm = ~4000. This resolution is insufficient for unambiguous 64 

identification of all molecular formulas. However, in a system limited to organic elements (C, H, O, N, S), 65 

the mass defect is inherently correlated with chemical properties such as OSC
̅̅ ̅̅ ̅.3 Consequently, random 66 

errors in formula attribution will not substantially impact distributions and trends in chemical 67 

properties. 68 

I- CIMS 69 

An “I- CIMS” (Aerodyne Research Inc.) was used to measure analytes by reacting them with I- generated 70 

by the ionization of methyl iodide, accessing a wide range of oxidized compounds.4,5 The chamber is 71 

sampled at 1 lpm. For direct measurement of gases, sample flow is diluted by 9 lpm for a total flow of 10 72 

lpm through a ¼” O.D. Teflon sample line to minimize residence time and thus loss within the inlet. A 73 

subsample of 2 lpm of this flow enters the ionization region of the instrument for analysis. Particle-74 

phase measurements were collected using a Filter Inlet for Gases and AEROsols (“FIGAERO”),6,7 with one 75 

sample every 15 minutes. Particles were concentrated on a 2µm PTFE filter with PTFE support (Zefluor™ 76 

Membrane, Pall Corporation) for 5 minutes at 1 lpm, then thermally desorbed into the instrument in a 2 77 

slpm stream of nitrogen heated with a temperature ramp up to 200 oC. Data analysis was performed in 78 

Igor Pro 6.3 (Wavemetrics, Inc.) using the commercially available package Tofware 2.5.6.  79 



3 
 

For calibration, we apply the general approach outlined by Lee et al., Iyer et al., and Lopez-Hilfiker et al. 80 

to account for differences in sensitivity caused by the varying strengths of the analyte-iodide cluster.4,5,8 81 

This approach has not previously been comprehensively applied to a large suite of unknown 82 

compounds, so a detailed discussion (including a discussion of uncertainty) is provided below (Section 83 

S2). Initial reaction is generally expected to occur through clustering with I-, so only ions containing 84 

iodide are considered in this analysis. Calibration was validated in part by comparing composition 85 

measured by I- CIMS using the FIGAERO inlet to that measured by AMS (Supplementary Figure 4).  86 

PTR-MS 87 

Gas-phase compounds, in particular volatile and lightly oxidized gases, were measured with a Proton 88 

Transfer Reaction-Mass Spectrometer (Ionikon Analytik) by reacting analytes with H3O+ to produce ions 89 

of molecular formula plus H+.9,10 Sample was collected at 200 sccm through a Teflon filter (2 µm pore 90 

diameter) and a 1 meter line heated to only 80 oC, so quantitative measurement is limited to 91 

compounds of relatively high volatility. Data analysis was performed using PTRwid v211 run in Interactive 92 

Data Language (IDL). Calibration was performed using authentic standards to estimate a general 93 

response factor with a molecular-weight-based transmission factor adjustment, as discussed in detail 94 

elsewhere.12–14 Exceptions to this generalized calibration approach are ions representing compounds to 95 

which explicit chemical identities have been assigned in the main text (α-pinene, acetic acid, acetone, 96 

and pinonaldehyde). Calibration of these “identified ions” is discussed in detail in Supplementary Sect. 3. 97 

Uncertainty for ions representing known compounds is estimated at ±15%, while uncertainty for 98 

unknown ions is -10%/+30%, which is asymmetric due to loss of neutral fragments leading to 99 

underestimation of carbon (see below). Concentrations of ions CH2OH+ and CH2O2H+, representing 100 

formaldehyde and formic acid, respectively, are not included in PTR-MS data as they are measured 101 

independently and with more selectivity and accuracy by the TILDAS.  102 

NO3
- CIMS 103 

A “NO3
- CIMS” (Aerodyne Research Inc.) was used to measure low-volatility, highly-oxidized gases by 104 

clustering them with NO3
- generated by the x-ray ionization of nitric acid.15,16 Analytes are transported to 105 

the ionization region at 10 lpm, with 1 lpm sampled from the chamber and 9 lpm of introduced nitrogen 106 

sheath flow. Ionization of analytes occurs in the centerline of flow and little or no loss to surfaces are 107 

expected due to the inlet design.17 A portion of the centerline flow (0.8 lpm) is sampled into the 108 

instrument for analysis. Data analysis was performed in Igor Pro 6.3 (Wavemetrics, Inc.) using the 109 

commercially available package Tofware version 2.5.6, following the practices described by Stark et al.3 110 

Calibration is performed by measuring the kinetically-limited reaction rate using malonic acid18 and 111 

assuming all ions react with the reagent ion at this rate. Reported concentrations therefore represent a 112 

lower-limit concentration of these species. Given the very low concentrations of these compounds, even 113 

significant underestimation of these compounds would not substantially impact the conclusions of this 114 

work. Concentrations measured in this work are comparable to previously reported concentrations of 115 

these compounds.19 As discussed below, NO3
- CIMS measured <1% of total carbon under photooxidation 116 

conditions. Contribution from NO3
- CIMS to uncertainty in overall total carbon measured is 1%. 117 

 118 

 119 
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TD-AMS 120 

Ensemble particle composition was measured using an Aerodyne Aerosol Mass Spectrometer (“AMS”; 121 

Aerodyne Research Inc.)20 operated downstream of a Thermal Denuder, which measures the ensemble 122 

volatility of the particles.21 Data analysis was performed in Igor Pro 6.3 (Wavemetrics, Inc.) using the 123 

commercially available packages PIKA v1.16 and SQUIRREL v1.57.22 Elemental composition of the 124 

organic fraction was calculated within each volatility bin based on the molecular formulas of the 125 

fragments using the updated approach of Canagaratna et al.23 Particle mass concentrations were 126 

measured by a Scanning Mobility Particle Sizer (“SMPS”, TSI Inc.) using an assumed density of 1.4 μg m-3 127 

for α-pinene derived organic particles,24 and a known density of 1.77 μg m-3 for ammonium sulfate. The 128 

mass concentrations measured by this instrument were coupled with the elemental composition 129 

measured by the AMS to quantify particle-phase carbon concentrations in units of ppbC.  130 

The temperature ramp of the Thermal Denuder was cycle from 40 oC to 190 oC and back down again in 131 

45 minutes. A continuously evolving volatility estimate in terms of mass fraction remaining at a given 132 

temperature is then turned into an approximate volatility distribution. Operating conditions instrument 133 

were similar to that of Faulhaber et al.,21 so the same conversion between temperature and volatility bin 134 

is applied. Uncertainty in the volatility distribution does not impact any of the conclusions in this work, 135 

as the vapor wall loss modeling is only very weakly sensitive to the particle-phase volatility distribution.  136 

TILDAS 137 

Compounds containing one carbon atom were measured by Tunable Infrared Laser Differential 138 

Absorption Spectrometers (TILDAS, Aerodyne Research Inc.), 25 detecting high-resolution infrared 139 

absorptions at 1764.90 cm-1 for formaldehyde, 1765.025 cm-1 for formic acid, and 2199.93 cm-1 for CO.  140 

Formic acid and formaldehyde were measured on one instrument while CO was measured on a separate 141 

instrument. Zero air was automatically sampled every 15 minutes to ensure proper background 142 

subtraction. Uncertainty is estimated to be ±15% for formaldehyde and formic acid, and <5% for CO. 143 

Data was analyzed by fitting the observed absorption spectra to lines in the HITRAN database.26 144 

Calibration of formaldehyde and formic acid is based upon the known linestrengths of the molecules.  145 

The CO measurement is referenced to an authentic standard every few weeks (for which the calibration 146 

value is between 0.98 and 1.02).  147 

1.2. Uncertainty 148 

In Supplementary Tables 1 and 2 we provide an overview of uncertainty in each instrument and the 149 

contribution of each instrument to total uncertainty for photooxidation and ozonolysis. Uncertainties 150 

reported in these tables for I- CIMS and PTR-MS are discussed in detail below; uncertainties for the other 151 

instruments are from the cited literature. For most instruments, the dominant source of uncertainty is 152 

error in the calibration, uncertainty in instrument operating conditions (e.g. flow rates), and uncertainty 153 

in applied assumptions (e.g. density of pOC, loss of neutral carbon in PTR-MS discussed below). The I- 154 

and NO3
- CIMS uncertainty is dominated by variability and uncertainty in ion sensitivities, which is 155 

discussed in detail below.  Most errors are uncorrelated, including uncertainty in the sensitivity of any 156 

given ion or uncertainty of different instruments, so summed uncertainty for these errors is estimated 157 

as the quadrature addition of each absolute uncertainty, i.e. the square root of the sum of the squares. 158 

Consequently, the relative uncertainty in the total carbon measured by any one instrument is 159 

substantially lower than that for any given ion. Uncertainty in the identified and unidentified ions 160 
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measured by the PTR-MS are at least partly correlated (that is, both dependent on uncertainty in PTR-161 

MS parameters and operating conditions), so these errors are added linearly. Uncertainty in the total 162 

measured carbon of all instruments is estimated as the quadrature addition of the uncertainties in each 163 

instrument as noted in footnote c of Supplementary Table 1. Overall total uncertainty is found here to 164 

be -18/+20% (1σ); we therefore report total uncertainty in this work as ±20%. 165 

 166 

  167 
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Supplementary Table 1. Contributions to measured carbon and uncertainty for photooxidation experiment. 168 

 Measured 
ppbC 

Percentage 
of total 

measured 

Uncertainty 
per 

speciesa  

Dominant 
source of 

uncertainty 

Uncertainty in total measured 
per instrument 

Uncertainty in 
overall total 
measured 

 -/+ %  -/+ ppbC -/+ % 

 
Ci 

𝐶𝑖

∑ 𝐶𝑖𝑖

   σi Δi 
𝛥𝑖

∑ 𝐶𝑖𝑖

 

Photooxidation           
PTR - identified 191 34% <15% 1 -15% 15% -29 29 -5% 5% 
PTR - unidentified 107 19% 30% 1,2,3 -10% 30% -11 32 -2% 6% 

(Total PTR) 298 52%   
  -40b 61b -7% 11% 

AMS/SMPS 77 14% n/a 1,4 -20% 20% -15 15 -3% 3% 
TILDAS 40 7% <15% 1 -15% 15% -6 6 -1% 1% 
I- CIMS 155 27% 2.5x 5 -60% 60% -93 93 -16% 16% 
NO3

- CIMSe 2 0.4% unknown 1,4 -200% 200% -4 4 -0.7% 0.7% 
         

Total measured 572    
  103c 112c 18%d 20%d 

Sources of uncertainty: 1 - calibration error; 2 - instrumentation operating parameters (e.g., uncertainties in flows); 3 - neutral loss of carbon, 

leads to asymmetry in total uncertainty; 4 - density assumption; 5 - individual ion sensitivities 
a Species measured by TILDAS are compounds, all others are ions; AMS/SMPS measures only bulk, not per species 
b uncertainty in identified and unidentified ions not entirely uncorrelated, so added directly, not in quadrature. Conservative estimate 

as some fraction of these uncertainties are uncorrelated 

c absolute total uncertainty is quadrature addition of uncertainties: 𝛥𝑡𝑜𝑡 = √∑ 𝛥𝑖
2

𝑖 = √∑(𝛥𝑡𝑜𝑡𝑎𝑙 𝑃𝑇𝑅
2 + 𝛥𝐼− 𝐶𝐼𝑀𝑆

2 + 𝛥𝑇𝐼𝐿𝐷𝐴𝑆
2 + 𝛥𝐴𝑀𝑆/𝑆𝑀𝑃𝑆

2) 

d relative total uncertainty is absolute total uncertainty as a fraction of total measured mass: 𝜎𝑡𝑜𝑡 =
𝛥𝑡𝑜𝑡

∑ 𝐶𝑖𝑖
 

e uncertainty not well constrained. High values used to demonstrate insensitivity of total uncertainty to this term 

 

Supplementary Table 2. Contributions to measured carbon and uncertainty for ozonolysis experiment. 169 

 Measured 
ppbC 

Percentage 
of total 

measured 

Uncertainty 
per speciesa 

Dominant 
source of 

uncertainty 

Uncertainty in total measured 
per instrument 

Uncertainty in 
overall total 
measured 

 -/+ %  -/+ ppbC -/+ % 

 
Ci 

𝐶𝑖

∑ 𝐶𝑖𝑖

   σi Δi 
𝛥𝑖

∑ 𝐶𝑖𝑖

 

Ozonolysis     
      

PTR - identified 119 31% <15% 1 -15% 15% -18 18 -5% 5% 
PTR - unidentified 135 36% 30% 1,2,3 -10% 30% -14 41 -4% 11% 

(Total PTR) 254 67%     -32b 59b -8% 16% 
AMS/SMPS 61 16% n/a 1,4 -20% 20% -12 12 -3% 3% 
TILDAS 35 9% <15% 1 -15% 15% -5 5 -1% 1% 
I- CIMS 30 8% 2.5x 5 -60% 60% -18 18 -5% 5% 

 
          

Total measured 380      39c 74c 10%d 20%d 
Sources of uncertainty: 1 - calibration error; 2 - instrumentation operating parameters (e.g. uncertainties in flows); 3 - neutral loss of carbon, 

leads to asymmetry in total uncertainty; 4 - density assumption; 5 - individual ion sensitivities 
a Species measured by TILDAS are compounds, all others are ions; AMS/SMPS measures only bulk, not per species 
b uncertainty in identified and unidentified ions not entirely uncorrelated, so added directly, not in quadrature. Conservative estimate as 

some fraction of these uncertainties are uncorrelated 

c absolute total uncertainty is quadrature addition of absolute uncertainties: 𝛥𝑡𝑜𝑡 = √∑ 𝛥𝑖
2

𝑖  
d relative total uncertainty is absolute total uncertainty as a fraction of total measured mass: 𝜎𝑡𝑜𝑡 =

𝛥𝑡𝑜𝑡

∑ 𝐶𝑖𝑖
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2. Calibration details: I- CIMS 170 

The response factor of the I- CIMS to a given analyte is primarily a function of  171 

1. Maximum sensitivity of the instrument, corresponding to the sensitivity to compounds that 172 

always cluster with the reagent ion after a collision in the reaction region. Can be estimated 173 

theoretically or measured empirically. 174 

2. Strength of the ion-cluster bond, impacting both the formation of the cluster as well as the 175 

tendency of the cluster to decompose within the instrument prior to detection. Determines 176 

sensitivity relative to the maximum. 177 

3. Mass dependent transmission of ions through the detector, which is a result of loss of ions as a 178 

function of molecular weight. Commonly applied correction with time-of-flight mass 179 

spectrometers 180 

Each of these factors impacting sensitivity was treated explicitly as discussed below. In many cases, no 181 

absolute best correction or calibration could be determined. A Monte Carlo-style calibration was 182 

therefore performed, with uncertainty parameterized within reasonable constraints for each of these 183 

effects. 184 

2.1. Maximum sensitivity 185 

a. Gas-phase sensitivity 186 

Theoretical sensitivity. Reagent ions interact with sample within the ion-molecule reaction region (IMR), 187 

and are assumed to collide at a rate, kcoll, of 1x10-9
 cm3 molec-1 s-1.27 From this value, for a given 188 

operating condition, a theoretical maximum sensitivity can be calculated for compounds for which an 189 

analyte-reagent ion cluster forms from each reaction. N2O5 has been shown to be one such “kinetically 190 

limited” compound, so by measuring this compound, an empirical estimate of maximum sensitivity can 191 

be obtained. Lopez-Hilfiker et al.5 found the empirical and theoretical estimates to be in good 192 

agreement, but the instrument used in this work has an IMR with a larger volume, which may decrease 193 

empirical sensitivity due to losses to the IMR walls. Consequently, both approaches are explored here. 194 

In theory, concentration of a compound, X, in the IMR can be calculated from the observed analyte ion 195 

signal (normalized to the primary reagent ion signals), 
𝑖𝑋

𝑖𝑃
, the collision rate, kcoll, and the residence time 196 

of the IMR, 𝑡𝐼𝑀𝑅, which is calculated from the volumetric flow rate through the IMR volume: 197 

 [𝑋]𝐼𝑀𝑅 =
1

𝑘𝑐𝑜𝑙𝑙 𝑡𝐼𝑀𝑅
 

𝑖𝑋

𝑖𝑃
 (1) 198 

In this work, 2 slpm of flow containing the reagent ions were mixed with 2 slpm of sample flow in an 199 

IMR volume of 47 cm3 at an operating pressure of 200 mbar, so 𝑡𝐼𝑀𝑅 = 0.13 s. Concentration in the IMR 200 

is converted to concentration in the sample flow by: 201 

 1𝑝𝑝𝑡 = 1012 [𝑋]𝑠𝑎𝑚𝑝

[𝑀]𝑠𝑎𝑚𝑝
= 1012 [𝑋]𝐼𝑀𝑅

[𝑀]𝐼𝑀𝑅∗𝑓
 (2) 202 

where [M]samp is the total concentration of gas molecules in the sample, which constitutes a fraction f of 203 

the gas molecules in the IMR, [M]IMR. In this work, half the flow in the IMR carries the reagent ion and 204 

half is sample flow, so f = 0.5. By combining equations (1) and (2), an equation for maximum kinetically 205 

limited sensitivity, Skin, in units of 𝑖𝑋 𝑝𝑝𝑡−1𝑖𝑃
−1can be formulated: 206 
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 𝑆𝑘𝑖𝑛 =

𝑖𝑋
𝑖𝑃

 

𝑝𝑝𝑡
=

[𝑀]𝐼𝑀𝑅𝑓 𝑘𝑐𝑜𝑙𝑙 𝑡𝐼𝑀𝑅

1012    (3) 207 

Using the operating conditions in this work, a theoretical maximum sensitivity is calculated of 300 208 

counts per second per ppt per million reagent ions (μncps ppt-1). 209 

Empirical sensitivity. Known quantities of N2O5, to which the I- CIMS is known to be maximally sensitive, 210 

were generated and measured in-situ. High levels of NO2 (1-2 ppm) were added to the same dry reaction 211 

chamber used for oxidation experiments. Under these conditions, N2O5 was formed through the 212 

addition of small known quantities of ozone: 213 

 NO2 + O3 → NO3 + O2 (R1) 214 

 NO3 + NO2 ↔ N2O5 (R2) 215 

Aliquots of ozone were introduced, spanning a range of 1-5 ppb, with each addition allowed to 216 

equilibrate until observed signal of the ion (I)N2O5
- was stable, approximately 20 minutes. Due to the 217 

continuous accumulation of ozone and the effects of dilution and changing equilibrium, concentrations 218 

of N2O5 at each step were not assumed to be exactly equal to the amount of ozone added, but were 219 

rather calculated using the F0AM box model2 to yield a multi-point calibration. The empirically derived 220 

sensitivity for this instrument was observed to be 75 μncps ppt-1. 221 

The theoretical and empirical maximum sensitivities differ by a factor of 4. However, the N2O5 222 

calibration was found to be contaminated by a large amount of HNO3 thought to be introduced from the 223 

NO2 gas cylinder. This contamination was sufficient to deplete the primary reagent ions to a significant 224 

degree, which has been found in previous work to decrease the sensitivity of the instrument. The 225 

observed value is, therefore, a reasonable lower bound for the maximum sensitivity, while the 226 

theoretical value by definition provides an upper bound. These two values, 75 and 300 μncps ppt-1, 227 

provide a well-constrained range of maximum sensitivity, Smax. This factor of 4 represents a major area 228 

of uncertainty in this work that can be greatly reduced in future experiments through improved N2O5 229 

calibrations. 230 

b. Particle-phase sensitivity 231 

Particle-phase measurements by FIGAERO I- CIMS are compared in this work to measurements by TD-232 

AMS and SMPS both to validate the calibration approach developed here, and provide additional detail 233 

on the composition of pOC. 234 

By accounting for pre-concentration of desorbed sample, and desorption volume, the sensitivity 235 

(discussed above) can be used to relate the analyte concentrations to the integral of measured signal 236 

over the desorption time, (
𝑖𝑋

𝑖𝑃
)

𝑡𝑜𝑡
. The measurement of interest, the concentration of a compound X in 237 

the chamber, is by definition the ratio of total number of molecules sampled to volume sampled: 238 

 [𝑋]𝑐ℎ𝑎𝑚 =
𝑁𝑠𝑎𝑚𝑝𝑡𝑜𝑡

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
 (4) 239 

The total number of molecules sampled is by definition the sum across all timesteps, t, of the 240 

concentration in the sampled air, times the sampled volume in that timestep, which is in turn the 241 

sample flow (2 slpm) times the timestep: 242 
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 𝑁𝑠𝑎𝑚𝑝𝑡𝑜𝑡
= ∑ [𝑋]𝑠𝑎𝑚𝑝𝑡

𝑉𝑠𝑎𝑚𝑝𝑡𝑡 = ∑ [𝑋]𝑠𝑎𝑚𝑝𝑡
𝑄𝑠𝑎𝑚𝑝𝑡

∆𝑡 𝑡  (5) 243 

The concentration of X in chamber air is therefore: 244 

 [𝑋]𝑐ℎ𝑎𝑚 =
∑ ([𝑋]𝑠𝑎𝑚𝑝𝑡

𝑄𝑠𝑎𝑚𝑝𝑡
∆𝑡)𝑡

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
 (6) 245 

which can be further substituted with equation (2) to remove dependence on the unknown 246 

concentration in the sampled air: 247 

 [𝑋]𝑐ℎ𝑎𝑚 =
∑ ([𝑀]𝑠𝑎𝑚𝑝𝑡

[𝑋]𝐼𝑀𝑅𝑡
𝑓[𝑀]𝐼𝑀𝑅𝑡

𝑄𝑠𝑎𝑚𝑝𝑡
∆𝑡)𝑡

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
 (7) 248 

The kinetic limit equation (1) can then be applied to determine the maximum sensitivity: 249 

 [𝑋]𝑐ℎ𝑎𝑚 =
∑ (

[𝑀]𝑠𝑎𝑚𝑝𝑡
𝑓[𝑀]𝐼𝑀𝑅𝑡

1

𝑘𝑐𝑜𝑙𝑙 𝑡𝐼𝑀𝑅
(

𝑖𝑋
𝑖𝑃

)
𝑡
𝑄𝑠𝑎𝑚𝑝𝑡

∆𝑡)𝑡

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
 (8) 250 

Given that pressure changes in the IMR vary by less than 10%, most of the terms in the integral in 251 

equation (8) are approximately constant with time, including the total number of gas-phase molecules in 252 

both the IMR and the sample line, the collision rate, the residence time in the IMR, and the sample flow 253 

into the IMR. This equation can therefore be re-formulated as: 254 

 [𝑋]𝑐ℎ𝑎𝑚 =

[𝑀]𝑠𝑎𝑚𝑝

𝑓[𝑀]𝐼𝑀𝑅

1

𝑘𝑐𝑜𝑙𝑙 𝑡𝐼𝑀𝑅
𝑄𝑠𝑎𝑚𝑝

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
∑ (

𝑖𝑋

𝑖𝑃
)

𝑡
∆𝑡 (9) 255 

The concentration of compound X in the chamber is therefore a function of several operational 256 

constants and the total normalized signal measured over the time of the sample desorption: 257 

 [𝑋]𝑐ℎ𝑎𝑚 =

[𝑀]𝑠𝑎𝑚𝑝

𝑓[𝑀]𝐼𝑀𝑅

1

𝑘𝑐𝑜𝑙𝑙 𝑡𝐼𝑀𝑅
𝑄𝑠𝑎𝑚𝑝

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
(

𝑖𝑋

𝑖𝑃
)

𝑡𝑜𝑡
  (10) 258 

By combining equations (3) and (10), it can be shown that: 259 

  𝑆𝑘𝑖𝑛,𝐹𝐼𝐺 =
(

𝑖𝑋
𝑖𝑃

)
𝑡𝑜𝑡

𝑝𝑝𝑡
= 𝑆𝑘𝑖𝑛

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑄𝑠𝑎𝑚𝑝
 (11) 260 

As expected, particle-phase sensitivity with the FIGAERO, Skin,FIG, is related to the kinetically limited gas-261 

phase sensitivity through the volume collected, which increases sensitivity through concentration, and 262 

the desorption/sample flow, which decreases sensitivity through dilution. Note that Skin and SFIG differ in 263 

units by inverse time, because the signal term in the FIGAERO is the integral of signal over time. From 264 

equation (10), the maximum kinetically limited sensitivity of particle-phase measurements is calculated 265 

at 46000 counts per ppt per million reagent ions (µncps) as the upper bound maximum sensitivity. The 266 

discrepancy between theoretical and empirical sensitivity applies for particle-phase measurements as 267 

for the gas-phase above, so approximately 12000 counts per ppt per million reagent ions (µncps) is 268 

applied as the lower-bound maximum sensitivity. 269 

 270 

 271 
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2.2. Strength of the ion-cluster bond 272 

Previous work by Iyer et al.8 has demonstrated the binding energy of the analyte reagent ion cluster is 273 

log-linearly correlated to observed sensitivity. The binding energy can, in turn, be measured for all 274 

observed analytes through “de-clustering scans,” in which the voltages of the front ion focusing 275 

components are ramped relative to the voltages of the rest of the instrument, the “skimmer” between 276 

the two quadrupoles marking the divide between front and back. This procedure, discussed in detail by 277 

Lopez-Hilfiker et al.5 for an I- CIMS, produces a plot of the fraction of signal remaining at a given voltage 278 

difference, ΔV. A sigmoidal fit of the average de-clustering scan across the experiment yields two 279 

parameters: the voltage difference at which half of the signal is removed, dV50, representing the de-280 

clustering of half of the analyte-reagent ion clusters, and the relative amount of signal that would be 281 

present if the instrument could be operated at a lower voltage difference, S0. dV50 is empirically 282 

correlated with binding energy and therefore sensitivity of the instrument to the analyte, while S0 283 

provides a multiplier of up to ~1.54,5,8 due to de-clustering of weakly bound clusters that can occur even 284 

at typical operating voltages. Analytes that stay clustered with the reagent ion even in the presence of 285 

relatively high ΔV are detected with maximum sensitivity (the threshold for this condition is determined 286 

below to be 6.3 V). De-clustering scanning is not effectively performed for FIGAERO particle-phase data 287 

because thermal desorption of each ion causes the concentration to vary substantially over the course 288 

of the scan, preventing an accurate measurement of dV50. dV50 and S0 are therefore assumed for 289 

particle-phase analytes to be equivalent to the same formulas observed in the gas phase. Particle-phase 290 

analytes that are not detected in the gas-phase are likely to be highly oxidized and are therefore 291 

assumed to be measured with maximum sensitivity. 292 

The work of Iyer et al., Lee et al., and Lopez-Hilfiker et al.4,5,8 has shown an empirical relationship 293 

between dV50 and sensitivity, SX, with the cutoff for maximum sensitivity occurring at dV50 = 6.3V. 294 

Analytes with dV50 at or above this value are observed to de-cluster negligibly at typical operating 295 

voltages. Analytes with observed dV50 below this “inflection point” are observed to de-cluster to some 296 

degree at typical operating voltages, and are found to have a sufficiently weak binding energy to have a 297 

sensitivity lower than Smax. For analytes with a dV50 below this inflection point, sensitivity is observed to 298 

decrease by a factor of 100.9 per volt due to the low binding energy, and already be partially de-clustered 299 

by a factor of S0. Sensitivity of an analyte can therefore be estimated as: 300 

 𝑆𝑋 = {
𝑑𝑉50,𝑋 ≥ 6.3       ∶       𝑆𝑚𝑎𝑥                                         

𝑑𝑉50,𝑋 < 6.3       ∶       𝑆𝑚𝑎𝑥𝑆0,𝑋10−0.9(6.3 − 𝑑𝑉50,𝑋)
 (12) 301 

We find the inflection point, constrained by dV50 of N2O5 and malonic acid voltage scans (Supplementary 302 

Figure 1a), to be similar to the previously published value of 6.3V. The relative sensitivities of kinetically 303 

limited compounds, hydroxyacetone, and acetic acid were also measured and found to generally agree 304 

with those shown in Figure 6 of Iyer et al.8 suggesting agreement of this instrument with the log-linear 305 

slope reported in that work. Equation (12) is therefore used as the fundamental relationship in this 306 

work, with uncertainty included as described below. Below a certain threshold for sensitivity, an analyte 307 

will not be observed by the instrument unless present in very high concentrations; this threshold is 308 

empirically found to correspond to dV50 = ~4V, with almost no analytes having a de-clustering voltage 309 

below this value other than a few major photooxidation products discussed in the main text. 310 

Supplementary Figure 1a also shows voltage scans of C3H4O4 before and during an -pinene 311 

photooxidation experiment; an ion of this formula is present in the background air, and it exhibits a 312 
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binding strength near that of malonic acid; however the ion produced through photooxidation has a 313 

substantially lower binding energy and so is an isomer of malonic acid, providing an example of voltage 314 

scans for weakly bound clusters. 315 

The two parameters associated with the relationship between dV50 and SX – the inflection point of 6.3 V 316 

and the log-linear slope of -0.9 SX V-1 – are assumed to have a Gaussian distribution of uncertainty with a 317 

standard deviation of 0.125 SX V-1. Uncertainty in the inflection point is relatively small, as the measured 318 

value is reasonable well constrained and similar to reported values. However, uncertainty in the slope 319 

introduces significant uncertainty to the sensitivity of any given ion. Uncertainty increases as dV50, 320 

decreases, reaching approximately an order of magnitude uncertainty in insensitively measured ions. 321 

This is consistent with the substantial scatter in dV50 of insensitively-detected analytes.8 When dV50 of an 322 

analyte is near the threshold for measurement, uncertainty is so high that the instrument is functionally 323 

insensitive to the analyte and it cannot be reliably quantified unless explicitly calibrated with authentic 324 

standards (which may not be available). The calibration applied in this work was thus limited to a 325 

threshold of 2 orders of magnitude below maximum sensitivity. Analytes with lower dV50 are assigned a 326 

sensitivity of Smax/100 to avoid inclusion of species whose quantification is highly uncertain. The 327 

relationship between dV50 and SX applied in this work is shown in Supplementary Figure 1b with the 328 

published relationship shown in black, and the range of uncertainty introduced shown in the red shaded 329 

region.  330 

 331 

Supplementary Figure 1. (a) Voltage scans of maximum sensitivity compounds N2O5 (black squares) and malonic 332 
acid (green crosses), and ion C3H4O4 measured in the photooxidation of α-pinene (time dependence shown in top 333 
panel). Voltage scan of background concentrations of this ion shown in red circles, and of the ion produced by 334 
photooxidation shown in purple circles. (b) Relationship between maximum sensitivity of the I- CIMS, Smax, and the 335 
voltage, dV50, at which half of an analyte ion declusters. Relationship in the literature shown in black (including the 336 
cutoff of Smax/100 applied in this work). Red lines represent the range of values used in this work, with each red 337 
line representing one possible relationship within the distribution of uncertainty described in the main text.  338 

 339 
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The distribution of ions by dV50 observed in the experiments are shown in Supplementary Figure 2a-b 340 

compared to the average relationship between this parameter and SX. Any insensitively-detected 341 

analytes (with dV50 below ~4 V) are potentially underestimated in this work. The choice of Smax/100 342 

(equivalent dV50 = ~4V) as a threshold is arbitrary, but the results are generally insensitive to the 343 

assigned threshold because relatively little signal is in the vicinity of this threshold. The time-344 

dependence and approximate calibration (based on values reported by Iyer and co-workers8) of the 345 

substantially underestimated ion in the case of photooxidation are similar to observed unmeasured 346 

mass (Supplementary Figure 9). Due to their extremely low sensitivity, these ions were obscured in the 347 

primary photooxidation experiment, and measured in a later repeat in which the FIGAERO inlet was 348 

removed from the I- CIMS to yield cleaner background signals. 349 

In addition to individual ions with low dV50 values, some ions may include multiple isomers, each of 350 

which may be differently sensitive due to differences in molecular structures or chemical functionality. 351 

The most sensitive ion will contribute disproportionately to the changes in signal observed in voltage 352 

scanning, resulting in a potential high bias in dV50 and (poorly quantified) underestimation of mass. 353 

Differences in isomeric sensitivity, and thus potential underestimation, are shown to be largest for less 354 

functionalized compounds.4 This is expected because lightly functionalized compounds (with few 355 

functional groups per carbon atom) are more likely to have isomers for which the only available sites for 356 

reagent ion-analyte interactions are sterically hindered. As the number of functional groups increases 357 

relative to the carbon backbone, available sites for binding between the analyte and the reagent ion 358 

increase. This underestimation of isomers with few functional groups may contribute to unmeasured 359 

carbon, a possibility discussed below. 360 
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 361 

Supplementary Figure 2. (a) Relationship for I- CIMS between sensitivity of an analyte relative to Smax and dV50 362 
compared to observed distribution of signal in (b) photooxidation and (c) ozonolysis. Height of each ion is the 363 
growth in signal of that ion at its maximum point in the experiment as fraction of total growth in all ions. Signal at 364 
analyte-reagent cluster ion C10H17NO4I- (discussed in Section S4) labeled in purple in panel (b).  365 

 366 

2.3. Mass dependent transmission 367 

Transmission an ion through any mass spectrometer is a function of the ion’s molecular weight. This 368 

correction has been explored in detail for both time-of-flight CIMS and PTR-MS and can be empirically 369 

determined through introduction of known analytes across the mass spectral range of interest. In the 370 

case of CIMS measurements, however, this presents a challenge as few commercially available 371 

compounds are sufficiently volatile and sensitively measured by I- CIMS to span the desired range of 372 

molecular weight. For this reason, perfluorinated acids are sometimes used for this purpose, but the 373 

strong adverse health effects of these compounds28 limit their regular application and present a user 374 

risk. We consequently develop here an approach for the empirical correction of mass dependent 375 

transmission based on the dataset itself and not requiring introduction of additional compounds. 376 

Samples collected by FIGAERO are sufficiently concentrated that desorption of the sample results in a 377 

moderate (10-15%) depletion in the primary reagent ions. If transmission of all ions was equal, the 378 

observed summed total ion count (TIC) would not be impacted by this depletion, but this is not the case. 379 
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The observed total ion signal decreases during desorption as analytes have higher molecular weight, and 380 

thus poorer transmission, than the reagent ions. The mixture of analytes necessarily spans the molecular 381 

weight range of interest, and the changing composition over the course of the experiments changes the 382 

average transmission. These features can be exploited to solve the average transmission function of the 383 

instrument.  384 

A linear least squares approach can be solved for the matrix of data to determine coefficients 385 

(constrained to > 0) for each nominal mass that minimizes the deviation of the TIC from an arbitrary 386 

average value. The least linear squares solution is found to be noisy when coefficients at each mass are 387 

fully independent. There is no unique solution because multiple masses with similar variability (e.g. 388 

those that are noisy or have high backgrounds) are mathematically indistinguishable. However, earlier 389 

work by Heinritzi et al.12 has demonstrated (Figure 5 of that reference) that the transmission function is 390 

expected to take the form of a modified Gaussian peak with a baseline that decreases with molecular 391 

weight. The fully empirical solution can therefore be compared to a constrained function approach, in 392 

which coefficients are optimized to describe a function of this form that minimizes the variability of the 393 

TIC. The constrained function approach is found to be in reasonably good agreement with the fully 394 

empirical solution, and correcting the observed ion signal by the optimized function produces a TIC with 395 

low variability (Supplementary Figure 3).  396 
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 397 

Supplementary Figure 3. Mass dependent transmission of the I- CIMS data from oxidation by OH. (a) Observed 398 
transmission coefficients for FIGAERO data at each nominal mass shown using a linear least squares approach 399 
(blue crosses) and the constrained function approach assuming a modified Gaussian peak as the functional form 400 
(black dashed line). (b) Total ion signal measured by the I- CIMS during FIGAERO desorption cycles using each 401 
approach. Raw observations shown in blue dashed line. Red line is after correction by the mass dependent 402 
transmission function shown as black dashed line in panel (a). (c) Five possible solutions bracketing the solution 403 
space of the constrained function approach for gas-phase data shown as colored lines. Empirical linear least 404 
squares approach shown as gray crosses. Function determined from FIGAERO data in panel (a) recreated as black 405 
dashed line. 406 



16 
 

The concentration in gas-phase samples does not deplete the primary reagent ions sufficiently to 407 

provide large variability in the TIC. Consequently, neither approach provides an ideal solution: the direct 408 

empirical approach is quite noisy, and the constrained function approach is not so well constrained, with 409 

several sets of optimized coefficients that produce relatively similar variability in the TIC. These 410 

coefficients therefore represent a range of possible mass-dependent transmission functions that are 411 

approximately bracketed by the cases shown in Supplementary Figure 3c. The black dashed line is the 412 

solution shown in Supplementary Figure 3a determined for the particle-phase measurements, which is 413 

observed to be similar to the gas-phase solutions, but decay somewhat more steeply than in gas-phase 414 

measurements. This may be due to increases in temperature caused by desorption, and differences in 415 

pressures in the IMR and other ion focusing components, which vary by 5% between operation modes. 416 

Since conducting these experiments and identifying this source of uncertainty, improvements to 417 

pressure regulation have been implemented that reduce variability to <1% between modes. We 418 

anticipate that this will enable the transmission function calculated from particle-phase measurements, 419 

which are well-constrained as shown in Supplementary Figure 3, to be applied to gas-phase 420 

measurements. Uncertainty introduced by poorly constrained mass dependent transmission will 421 

therefore be substantially reduced in the future. 422 

2.4. Complete calibration 423 

Four main contributors to uncertainty are identified here along with the values supported for each by 424 

the discussion above:  425 

1. Maximum sensitivity, Smax: 75 or 300 (equal chance of either) 426 

2. dV50 at which SX goes to Smax: 6.3 V ± 0.125 (s.d. of Gaussian distr.) 427 

3. Slope of relationship between dV50 and SX: 10-0.9 ± 0.125 SX V-1 (s.d. of Gaussian distr.)  428 

4. Mass dependent transmission: five functions in Supplementary Figure 3c (equal chance of each) 429 

Though other parameters have associated error, such as uncertainty in S0 and dV50 due to uncertainty in 430 

the sigmoidal fit of the de-clustering scan of each compound, such precision errors summed across all 431 

analytes are negligible in comparison to the four uncertainties listed above. Reported concentrations 432 

and uncertainty are calculated using a “Monte Carlo”-type approach, by performing 5000 calibrations, 433 

each using randomly selected parameters from the constraints listed above. The distribution of 434 

calibrated total mass concentrations are shown in Supplementary Figure 4a, with each individual 435 

calibration shown in translucent red.  Overall uncertainty in total carbon measured by the I- CIMS is 60%. 436 

Uncertainty in the calibration of any given ion is substantially higher, a factor of approximately 2.5 437 

(geometric standard deviation), but these errors are uncorrelated, leading to lower relative uncertainty 438 

in total measured carbon. 439 

Uncertainty in maximum sensitivity contributes the largest fraction of the error, as the term Smax affects 440 

sensitivity of all analytes. Total measured concentration is therefore linearly dependent on this 441 

parameter. In future studies, an empirical measurement of this parameter is expected to obtainable 442 

with only 10-20% uncertainty instead of a factor of 4. On the other hand, uncertainty in parameters 2 443 

and 3 above, those from the de-clustering scans (illustrated in Supplementary Figure 1) are not expected 444 

to be substantially reduced in future experiments. Combined with the improvements implemented to 445 

reduce uncertainty in mass dependent transmission, future uncertainty for total mass measured by this 446 

instrument can be reduced from 60% to only 20%. 447 
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Most of these errors are uncorrelated, and thus mitigated by summing across all ions. However, the 448 

assumption that dV50 accurately represents the binding energy of all ions introduces a potential bias 449 

toward underestimation, since some “low-sensitivity” isomers may not be detected. This bias is 450 

expected to be correlated with number of functional groups, and is elucidated by Supplementary Figure 451 

4b,c. An initial growth in unmeasured carbon is accompanied by growth in products with a range of 452 

initial products. However, the least oxygenated compounds measured by the I- CIMS (with O:C < 0.33) 453 

are observed to correlate for the longest duration with total unmeasured carbon, and only lightly 454 

oxygenated compounds are observed to decrease in concentration with unmeasured carbon. 455 

Unmeasured carbon may therefore not only be due to “missing” ions not detected by these 456 

instruments, but also to “missing quantification” of isomers of ions with few functional groups or 457 

compounds with similar properties (i.e. lightly oxygenated functionalization products). Compounds with 458 

more available functional groups continue to grow in concentration during the depletion of unmeasured 459 

carbon and exhibit no correlation with unmeasured carbon, suggesting this effect is important mostly 460 

for the early-generation products. 461 

462 

 463 

 464 

Supplementary Figure 4. Results from I- CIMS calibration for the photooxidation experiment. (a) Gas-phase 465 
concentrations, where each translucent red line represents one of 5000 calibrations using a given set of 466 
parameters as described in the main text. Average (black, standard deviation in gray) and median (blue, 467 
interquartile range in light blue) of all calibrations shown. (b) Gas-phase concentrations binned by the oxygen-to-468 
carbon ratio (O:C) of each ion (number of measured oxygens divided by number of measured carbons), with total 469 
unmeasured carbon show as a black dashed line, and (c) the correlation of each O:C bin to total unmeasured 470 
carbon. (d) Particle-phase concentrations measured by FIGAERO I- CIMS in blue, colored by the number of carbon 471 
atoms in each measured ion, and by SMPS/AMS in green. Uncertainty for both instruments shown as bars on the 472 
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right. Both instruments measured similar elemental compositions as shown for (e) oxygen-to-carbon ratio and (f) 473 
hydrogen-to-carbon ratio at a representative time (t = 270 min) with the average composition shown as dashed 474 
arrows (black: AMS, yellow: FIGAERO I- CIMS). 475 

To provide additional validation of this calibration approach, particle-phase composition measured by 476 

the FIGAERO I- CIMS is shown in detail and compared to AMS measurements in Supplementary Figure 477 

4d-f. Particle-phase carbon concentrations agree between these measurement techniques within 478 

instrument uncertainties, with a final wall-loss and dilution adjusted concentration of 78±16 ppbC 479 

measured by SMPS and AMS, and 100±60 ppbC measured by FIGAERO I- CIMS. As shown in 480 

Supplementary Figure 4e,f, chemical composition of pOC as measured by these two instruments is also 481 

agree: the average oxygen-to-carbon ratio and hydrogen-to-carbon ratio measured by AMS (0.68 and 482 

1.47 respectively) is near the center of the distributions, and similar to the averages, measured by 483 

FIGAERO I- CIMS (0.66 and 1.53, respectively). These values are in approximate agreement with previous 484 

chamber experiments and moderately oxidized ambient OA.29 485 

 486 

3. Calibration details: PTR-MS 487 

Calibration of most ions measured by the PTR-MS was performed using a general reaction rate constant 488 

and mass-dependent transmission function measured by authentic standards and applied to all 489 

unidentified ions. α-pinene was calibrated explicitly by authentic standard. Compounds discussed and 490 

shown in this work as “identified ions” are treated explicitly. Acetic acid is reported as the sum of its 491 

molecular ion, C2H4O2, and a known fragment ion, C2H2O. Acetone is reported as the concentration of 492 

C3H6O. Both gases are known products of this chemical system, so it is unlikely (though possible) that 493 

these ions represent other isomers with these formulas. In both cases, however fragmentation of larger 494 

compounds into these ions may increase their apparent concentrations, so reported concentrations of 495 

these compounds represent an upper bound. Similarly, HCHO is a common fragmentation product, so 496 

reported concentrations of formaldehyde are measured by TILDAS measurements and not reported for 497 

the PTR. Indeed, HCHO concentrations as measured by PTR are 2-3 times higher than those measured by 498 

TILDAS. 499 

Uncertainty in the concentration of any given ion that has not been calibrated explicitly is 30%30 due to 500 

variability in reaction rate constants.31 Absolute error in each ion concentration is uncorrelated, so 501 

contribution of per-ion uncertainty to uncertainty in the total concentration of carbon measured by the 502 

PTR-MS is low. Instead, uncertainty is dominated by calibration uncertainty in the determination of the 503 

general reaction rate constant, uncertainty in instrument operating conditions (e.g. flow rates), and 504 

uncertainty in fragmentations of large ions discussed here. 505 

3.1. Fragmentation 506 

Concentrations of pinonaldehyde are reported following previous work.32 Earlier approaches typically 507 

report concentration as the sum of ions identified as fragments of pinonaldehyde.33 However, many ions 508 

in complex mixtures are non-specific to this compound, so we apply a new approach in which the 509 

concentration of C10H14OH+ (m/Q = 151.112 Th, the most abundant pinonaldehyde fragment ion) is 510 

multiplied by a calibration factor to account for the contribution from all remaining ions. Pinonaldehyde 511 

was synthesized using the method described by McMurry et al.34 with a purity of ~90% based on the 512 
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NMR spectrum, which matched with that reported by Chacon-Madrid et al.35 The calibration factor was 513 

determined by the observed fragmentation of this authentic standard at the experimental operating 514 

conditions of the PTR-MS: 515 

Supplementary Table 3. Observed fragmentation pattern for pinonaldehyde under the operating 516 
condition of E/N ratio of 124 Townsend. 517 

Exact mass Ion formula Relative response 

170.125 13CC9H16O2H+ 0.01 
169.122 C10H16O2H+ 0.12 
152.115 13CC9H14OH+ 0.12 
151.112 C10H14OH+ 1.00 
123.116 C9H14H+ 0.10 
109.102 C8H12H+ 0.32 
108.089 13CC7H10H+ 0.07 
107.086 C8H10H+ 0.67 
99.079 C6H11OH+ 0.19 
81.070 C6H8H+ 0.19 
72.050 13CC3H6OH+ 0.05 
71.049 C4H6OH+ 0.78 

Response relative to C10H16O2H+:        3.6 

Carbon lost as neutral fragments: 24% 

 518 

In this experiment, all of the C10H14OH+ is assumed to form from pinonaldehyde, and the corresponding 519 
fraction of the other fragments are removed from the concentrations of quantified unknown ions to 520 
avoid double-counting mass. Note that other first- and early-generation products may also fragment to 521 
C10H14OH+, so this approach still carries some uncertainty and serves as an upper bound.  522 

In the case of pinonaldehyde, 24% of carbon is lost as neutral fragments, which is observed consistently 523 
across terpenes and their first- and early-generation products. Three examples from the literature36,37 524 
are shown in Supplementary Table 4, with a range of 16-21% of carbon lost as neutral fragments. This 525 
trend extends to many smaller oxygenated compounds as well, with most aldehydes and alcohols down 526 
to 5 or 6 carbon atoms losing at least 10% of their carbon as neutral fragments.38,39 These estimated 527 
losses of neutral carbon suggest underestimation in PTR-MS carbon concentrations and lead to the 528 
asymmetry in reported uncertainty. 529 
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Supplementary Table 4. Published fragmentation patterns in the PTR-MS of α-pinene and two 530 
monoterpene oxidation products, α-terpineol and nopinone. Spectra were obtained with E/N ratios 531 
similar to the PTR-MS operating conditions in this work. Top ion is molecular ion in all cases.  532 

a-pinene   nopinone  α-terpineol 

Mass 
Assumed 
formula 

Relative 
response  Mass Formula 

Relative 
response  Mass 

Assumed 
formula 

Relative 
response 

137 C10H16H+ 1.00  139.112 C9H14OH+ 1.00  155 C10H18OH+ 0.03 
95 C7H10H+ 0.02  122.105 13CC8H12H+ 0.06  137 C10H16H+ 1.00 
81 C6H8H+ 0.84  121.102 C9H12H+ 0.58  95 C7H10H+ 0.04 
67 C5H6H+ 0.02  96.058 C6H7OH+ 0.04  81 C6H8H+ 0.79 

    95.086 C7H10H+ 0.04  69 C5H8H+ 0.01 
    94.078 C7H9H+ 0.07     
    94.074 13CC6H9H+ 0.03     
    93.070 C7H8H+ 0.20     
    83.050 C5H6OH+ 0.33     
    80.063 C6H7H+ 0.12     
    79.055 C6H6H+ 0.07     
    69.070 C5H8H+ 0.06     

Carbon lost as neutral 
fragments: 19% 

 Carbon lost as neutral 
fragments: 21% 

 Carbon lost as neutral  
fragments: 16% 

 533 

3.2. Deposition to inlet lines 534 

Chamber air was sampled by the PTR-MS through a 1 m Teflon line, with a Teflon filter in-line to avoid 535 

instrument contamination from particles. This sample line provides ample surface for the adsorption of 536 

lower-volatility gases and subsequent re-volatilization that may impact the observed time-dependence 537 

of measurements. Through the experiments shown below, we find these inlet wall effects to contribute 538 

negligibly to concentrations measured by PTR-MS.  539 

An approximately stable concentration of pinonaldehyde in a hexane solution was measured through 540 

various sampling line conditions (Supplementary Figure 5). When switching between pure air and 541 

solution, hexane equilibrates in less than a minute, so any lag in equilibration time for lower-volatility 542 

gases is due not to changes in instrument conditions or calibration system, but to inlet artifacts. Under 543 

conditions approximating the sampling conditions of this experiment (panel d), inlet equilibration times 544 

of 2 to 10 minutes are observed for pinonaldehyde, an intermediate volatility gas. This is a critical result 545 

that may substantially impact high time-resolution measurements of lower-volatility gases, but is 546 

negligible in the context of this work as the observed period of unmeasured mass is on the order of 1-2 547 

hours. 548 
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 549 

Supplementary Figure 5. Observed signal for a solution of pinonaldehyde (red solid line) in hexane (blue dashed 550 
line) under various sampling conditions, including (a) direct sampling through 1 m Teflon ¼”OD line, (b) the same 551 
line with an empty filter holder in line, (c) a clean PTFE filter in that holder, and (d) a PTFE filter in that holder that 552 
has been loaded by sampling α-pinene oxidation to approximate experiment conditions. Equilibration is shown 553 
(left) when switching from pure air to the solution and (right) when switching from solution to pure air. 554 

 555 

4. Supporting results: photooxidation  556 

4.1. Additional discussion 557 

The evolving chemistry of photooxidation products is shown in Supplementary Figure 6; this is similar to 558 

Figure 3, but with a focus on individual phases/instruments: pOC measured by AMS (a-c), pOC measured 559 

by FIGAERO I- CIMS (d-f), gOC only (g-i), and total gas- and particle-phase carbon including the α-pinene 560 

precursor (j-l) to show the evolution of the entire mixture (including reactants). 561 

  562 
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 563 

Supplementary Figure 6. Changing distributions of chemical properties of the photooxidation experiment as 564 
carbon-weighted normalized distributions. Properties shown are carbon number, oxidation state of carbon, and 565 
volatility, for (a-c respectively) pOC measured by TD-AMS, (d-f respectively) pOC measured by FIGAERO I- CIMS , (g-566 
i respectively) gas-phase product carbon, i.e. Figure 3 with pOC removed, and (j-l respectively) total gOC and pOC 567 
including precursor, i.e. Figure 3 with α-pinene included. The temporally evolving carbon-weighted averages of 568 
each property are shown as dashed lines in the bottom panels.  569 
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Of particular interest is the similarity between particle-phase composition as measured by both TD-AMS 570 

(panels a-c) and FIGAERO I- CIMS (panels d-f). For the TD-AMS, volatility and oxidation state of carbon 571 

are directly measured, while carbon number is calculated (nC, calc) based on c* and elemental 572 

composition, following the relationships determined by Daumit et al.40 Similarly, for the FIGAERO I- CIMS 573 

data, OSC
̅̅ ̅̅ ̅ is directly measured, and volatility can be directly measured based on the thermal desorption 574 

profile. However, carbon number can either be taken directly from formulas of measured ions (nC, 575 

measured), or, as with the TD-AMS, estimated from the measured volatility and the elemental composition 576 

(nC, calc). Previous work has shown that volatility measured directly through thermal desorption profiles 577 

more accurately describes the physicochemical properties of organic aerosol than the volatility inferred 578 

from the molecular formulas of observed ions. This is due to decomposition that occurs upon thermal 579 

desorption in the FIGAERO I- CIMS, fragmenting accretion products into smaller constituent components 580 

and biasing measured ions toward smaller, more volatile species.41,42 In Supplementary Figure 6, carbon 581 

number for FIGAERO I- CIMS is therefore estimated from volatility and elemental composition (nC, calc), as 582 

it is not only in agreement with the calculated TD-AMS values, but is also likely a more accurate 583 

representation of pOC composition. Note that the carbon number of each measured ion (nC, measured) 584 

shown in Supplementary Figure 4d is generally substantially lower than the distribution of nC, calc due to 585 

decomposition of larger compounds.  OSC
̅̅ ̅̅ ̅ distributions are different between instruments because AMS 586 

measures an average OSC
̅̅ ̅̅ ̅ for each volatility bin, while FIGAERO I- CIMS provides a more complete 587 

distribution, since decomposition of accretion products into constituent compounds is not expected to 588 

substantially change OSC
̅̅ ̅̅ ̅. Note that average AMS OSC

̅̅ ̅̅ ̅ is near the center of the FIGAERO I- CIMS 589 

distribution (see also Supplementary Figure 4). Given that these two instruments are in close agreement 590 

on particle composition, TD-AMS data is used in the main text as it has higher time resolution and lower 591 

uncertainty than the FIGAERO I- CIMS. 592 

The dynamics of the average trends in properties of product carbon shown in Figure 3 are shown as 593 

constituent gas- and particle-phase components in Supplementary Figure 6. Gas-phase product carbon 594 

initially has high nC, low OSC
̅̅ ̅̅ ̅, and intermediate volatility, likely comprised of functionalized products as 595 

discussed in the main text. Oxidation tends to monotonically decrease average nC, increase oxidation, 596 

and increase volatility, suggesting products primarily fragment. Products of any later functionalization 597 

reactions are not clearly observed in the gas-phase, as they would likely to be lower in volatility and so 598 

would mostly condense and contribute to pOC. In photooxidation, pOC is first formed from these 599 

functionalized products, with an initial composition of high nC, moderate OSC
̅̅ ̅̅ ̅, and relatively low 600 

volatility. As this initial mass of pOC forms and grows, more volatile compounds partition into the 601 

particle phase, leading to an increase in volatility and decrease in carbon number. As the particles 602 

continue to oxidize, they incorporate oxygen with no substantial change in nC, leading to a decrease in 603 

volatility and no apparent evidence for loss or fragmentation of pOC. The overall trends in average 604 

properties, and relatively dynamic behavior of the average c*, shown in Figure 3 are the combination of 605 

these dominant chemical pathways: gas-phase fragmentation, and particle-phase formation, growth, 606 

and aging. 607 

Total concentration of species measured by the NO3
- CIMS (Supplementary Figure 7) accounts for less 608 

than 2 ppbC, less than 0.5% of total carbon and less than 2.5% of product carbon at all reaction times. 609 

This instrument measures extremely low-volatility, highly oxidized gases, so then fraction of product 610 

carbon peaks at the start of the experiment, rapidly decaying due to condensation onto suspended 611 

particles. 612 
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 613 

Supplementary Figure 7. Total concentration of species measured by NO3
- CIMS as (a) carbon concentration, (b) 614 

fraction of total OC, and (c) fraction of measured product OC (α-pinene excluded). 615 

 616 

4.2. Videos 617 

Videos of the time-evolving composition of the photooxidation experiment as a function of oxidation 618 

state vs. both carbon number and saturation concentration (after Fig. 2) are available online as 619 

Supplementary Videos 1 (OSC
̅̅ ̅̅ ̅ vs. c*) and 2 (OSC

̅̅ ̅̅ ̅ vs. nC): 620 

Supplementary Video 1. Chemical characterization of carbon measured in the photooxidation of α-621 
pinene in terms of two parameters commonly used for simplified representations of atmospheric 622 
organic carbon: oxidation state of carbon (OSC

̅̅ ̅̅ ̅ ) and saturation concentration (c*). By achieving carbon 623 
closure, these measurements yield a detailed understanding of the distribution of carbon in this 624 
chemical space and the evolution of chemical properties of carbon. Circle area is proportional to carbon 625 
concentration, colored by instrument. Dark gray: α–pinene; light gray: TILDAS; green: AMS/SMPS; 626 
purple: PTR-MS; orange: I- CIMS; blue NO3

- CIMS. pOC shown at average OSC
̅̅ ̅̅ ̅ of each volatility bin 627 

measured by TD-AMS. Average properties are shown as lines for pOC (green) and gOC (red solid: 628 
product, red dashed: total inc. α-pinene).  629 

Supplementary Video 2. Chemical characterization of carbon measured in the photooxidation of α-630 
pinene in terms of two parameters commonly used for simplified representations of atmospheric 631 
organic carbon: oxidation state of carbon (OSC

̅̅ ̅̅ ̅ ) and number of carbon atoms (nC). By achieving carbon 632 
closure, these measurements yield a detailed understanding of the distribution of carbon in this 633 
chemical space and the evolution of chemical properties of carbon. Circle area is proportional to carbon 634 
concentration, colored by instrument. Dark gray: α–pinene; light gray: TILDAS; green: AMS/SMPS; 635 
purple: PTR-MS; orange: I- CIMS; blue NO3

- CIMS. pOC is shown at average OSC
̅̅ ̅̅ ̅ and nC of each volatility 636 

bin measured by TD-AMS. Average properties are shown as lines for pOC (green) and gOC (red solid: 637 
product, red dashed: total inc. α-pinene). 638 

 639 

 640 

 641 
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4.3. Gas-particle-wall partitioning  642 

A partitioning model was used to estimate fraction of carbon on the walls of the chamber following the 643 

approach of La et al.43. The timescale for gas-wall partitioning for all compounds was assumed to be 15 644 

minutes based on the mixing time of the chamber and the empirical work of Krechmer et al.44 in a 645 

similarly sized chamber. Absorption to the chamber wall depends on the “equivalent mass 646 

concentration of the wall,” which was parameterized as described in Table 1 of that same reference. The 647 

timescale for gas-particle partitioning was assumed to be 10 seconds based on the condensation sink45 648 

calculated from the suspended surface area concentration. The fraction of a given volatility bin expected 649 

to be on the wall was modeled as a function of equilibration time, assuming reversible gas-wall and gas-650 

particle partitioning.  651 

The model is run to include or not include continuous OH reaction. Further gas-phase reaction by OH in 652 

this model (with assumed kOH = 2×1011 cm3 molec-1 s-1) produces species that do not partition further, 653 

both for simplicity and based on the observations that later products are primarily high- and low-654 

volatility compounds that are not quickly lost to walls. Depletion of a gas-phase compound through 655 

reaction with OH drives re-volatilization of condensed-phase components, which somewhat decreases 656 

the fraction of carbon deposited to the wall, particularly at longer equilibration times (Supplementary 657 

Figure 8a-b). The region of volatility most impacted by deposition to walls (IVOCs) is the region shown to 658 

be comprised of reactive first-generation products.  659 

Carbon in each volatility bin at a given reaction time is expected to have a component on the wall under 660 

the assumption that equilibration of that carbon and further reaction with OH has been occurring since 661 

the start of reaction. That is, carbon in bin i at time t has a wall fraction assuming it has partitioned and 662 

reacted with OH for t minutes. Measured carbon in bin i therefore constrains carbon on the wall. For 663 

instance, if 80% of carbon in a bin is expected to be on the walls after 1 hour, then any suspended 664 

carbon measured in that bin at 1 hour must be complemented by four times more carbon on the wall 665 

(e.g. Supplementary Figure 8c-d). The timescale for gas-wall partitioning is fast compared to reaction 666 

times and loss of pOC to walls, so any changes to volatility distributions during equilibration are likely 667 

minor. Due to the relatively fast partitioning times relative to the length of the experiment, partitioning 668 

fractions equilibrate quickly, then change only slowly with time (see Supplementary Figure 8, panel a vs. 669 

panel b). Observed carbon closure at the end of experiments supports this model of vapor deposition as 670 

reversible, not irreversible.  671 

From the observed volatility distribution, a majority of carbon has a volatility that are expected to be 672 

predominated gas or particle phase. Only a relatively small fraction is in the range of the volatility 673 

distribution that is most susceptible to deposition to walls (c*= 101-105). Consequently, relatively little 674 

carbon is expected to be on walls at any moment. This fraction decreases with continued oxidation, with 675 

only ~10% of total carbon modeled to be on the wall by the end of the experiment. The time 676 

dependence of modeled reversible deposition to walls is similar but not identical to that of unmeasured 677 

carbon, suggesting this process may contribute in part to the gap in carbon closure at the beginning of 678 

the experiment.  679 
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 680 

Supplementary Figure 8. Loss of carbon to the walls of the reaction chamber modeled for the photooxidation 681 
experiment as equilibrium partitioning and reaction with OH of measured carbon volatility distributions. Fraction 682 
of carbon of a given volatility in each phase after (a) the peak of unmeasured carbon at 60 minutes and (b) 683 
immediately prior to additional oxidation at 270 minutes are shown. Measured volatility distributions at these 684 
times are shown in (c) and (d), respectively. Particle-phase carbon in green, carbon on walls in gray, gas-phase 685 
carbon in blue including product of reaction with OH. Dashed gray line in top panels is modeled fraction on wall in 686 
the absence of continued reaction with OH.  687 

 688 

4.4. Unmeasured carbon 689 

The observed gap in measured carbon approximately matches both the measured concentrations of 690 

ions to which all instruments are poorly sensitive, and the modeled time evolution of carbon on walls 691 

(Supplementary Figure 9). In both cases (discussed below), unmeasured carbon is expected to be lightly 692 

functionalized IVOCs. 693 
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 694 

Supplementary Figure 9. Time evolution of unmeasured carbon compared to (a) C10H17NO4 detected by the I- CIMS, 695 
including approximate calibration, and (b) modeled carbon on walls at each time, based on model described 696 
above. 697 

Low-sensitivity species. Sensitivity of the I- CIMS generally increases with number of functional groups, 698 

so lightly oxidized compounds are poorly quantified regardless of volatility. Fragmentation to smaller 699 

ions upon analysis by PTR-MS increases with carbon number, in particular for oxygenated compounds. 700 

This issue, combined with the potential loss of lower-volatility species to PTR-MS inlet walls, makes 701 

lightly functionalized IVOCs beyond the region of viable measurement by this instrument. Consequently, 702 

I- CIMS measures more-oxidized and/or lower-volatility species, while PTR-MS measures higher-703 

volatility, and neither instrument accurately quantifies lightly functionalized IVOCs. C10H17NO4 (likely α-704 

pinene hydroxynitrate) is a lightly oxidized functionalization product at the edge of the viable range for 705 

measurement by I- CIMS; it is detected but with very low sensitivity, on the order of 4000 times 706 

(published8) to 7000 times (calculated from ion-cluster strength) less sensitive than maximum 707 

sensitivity. Approximate calibration of this ion yields concentrations similar in magnitude (and time 708 

evolution) to unmeasured carbon in the photooxidation experiment (Supplementary Figure 9a). It is 709 

likely that other minor first-generation products similar to this species are produced but poorly 710 

quantified by this instrument suite. 711 

Deposition to walls. The other possible explanation for the transient observation of unmeasured carbon 712 

is the reversible deposition and later re-volatilization of carbon to reactor walls (primarily comprised of 713 

IVOCs per Supplementary Figure 8). Compared to unmeasured carbon, modeled carbon on walls 714 

throughout the experiment (as described above) is lower in concentration, though within a factor of two 715 

(Supplementary Figure 9b). However, modeled carbon on walls persists longer into the experiment and 716 

is never fully re-suspended; this is in contrast to the carbon closure observed in measurements, 717 

suggesting that the model may overestimate wall loss somewhat. Carbon reversibly deposited to 718 

chamber walls therefore may contribute to, but is unlikely to fully account for, the unmeasured carbon. 719 

Partitioning to walls of inlets may also occur, but the observed (see Supplementary Fig. 5) and 720 

published46 timescales for this process are shorter than the observed gap in measured carbon. 721 
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5. Supporting results: ozonolysis 722 

 723 

Supplementary Figure 10. Product mixture of ozonolysis followed by multi-generational oxidation by OH. Color 724 
scales and descriptions analogous to Figures 1, 3, and S6, reproduced in brief here. (a) Stacked concentrations of 725 
all measured compounds, colored by with which they are measured. Total carbon in the system (accounting for 726 
dilution) shown as gray solid line near initial concentration. Bottom panel shows oxidant levels and approximate 727 
atmospheric age assuming [OH] = 2×106 molec cm-3. Distribution of chemical properties of measured product 728 
carbon shown for (b) carbon number, (c) oxidation state, and (d) volatility, and (e-g) total carbon including α-729 
pinene and all products for the same respective properties. Average of each property shown as dashed line in 730 
bottom panels.  731 
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Time-dependent carbon closure and chemical properties of product mixture during ozonolysis is shown 732 

in Supplementary Figure 10, analogous to photooxidation figures (Figure 1, Figure 3, and Supplementary 733 

Figure 6). Initial reaction is reaction with ozone, followed by multi-generational oxidation by OH. The 734 

trends discussed in the main text are also observed in this experiment. Initial oxidation occurs through 735 

formation of compounds with large carbon numbers and intermediate volatility. Upon further oxidation, 736 

these compounds fragment into smaller, higher-volatility gas-phase compounds. Concurrent formation 737 

of additional low-volatility particle-phase mass yields the same tendency to diverge toward two pools of 738 

long-lived carbon. A small amount of unmeasured carbon forms in the initial oxidation, then decays 739 

away. The timescale for this process in the ozonolysis experiment is, in contrast with the photooxidation 740 

experiment, comparable to that of reversible deposition of intermediate-volatility gases to inlet walls;46 741 

inlet lags due to wall interactions thus may contribute in part to early gaps in carbon closure. Decay of 742 

unmeasured carbon may also be the result of formation of OH from initial ozonolysis, continuing 743 

oxidation of difficult-to-measure early generation products generated in the α-pinene plus ozone 744 

reaction.  745 

 746 
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